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PREFACE 


This book is a symposium by specialists and it collects in one volume 
information about the scientific and technological aspects of adhesion. 

It arose out of a discussion between us some years ago on the desirability 
of a book which would endeavour to deal with the subject in terms of 
basic scientific concepts. While we appreciated that existing knowledge 
was too incomplete for such an attempt to be wholly successful, we thought 
that it might nevertheless still be a significant contribution to knowledge. 
Such a book must necessarily be the work of a number of contributors and 
to secure some degree of continuity we arranged for the more theoretical 
part (Part One) to be written first and then circulated it to the authors 
of the technological section (Part Two). While we cannot claim that it 
always turned out possible to achieve harmony between the two parts 
of the book, nevertheless we feel that the effort has not been entirely in vain. 

When one remembers that despite our growing knowledge of molecular 
forces it is still not possible to predict with certainty whether, say, any two 
given liquids will be miscible, or how strong a material will be, the difficulty 
of formulating a comprehensive theory of adhesion becomes apparent. Yet 
we think this book shows that the solution of the practical problem of 
adhesion need not be on entirely empirical lines. 

The editors decided to leave the manuscripts from English and American 
authors in their original spelling, notwithstanding the fact that this may 
give a certain impression of non-uniformity. 

We would like in conclusion to thank first of all the authors for their 
valuable contributions to this book. Moreover, sincere thanks are due to 
Miss M. HoLLANnpeEr (Selborne) for her careful translation of many manuv- . 


scripts. 
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PART ONE 
THEORETICAL ASPECTS 





CHAPTER 1 


GENERAL CONDITIONS FOR WETTING 
AND FOR ADHESION 


Dr R. Houwi1nxk 
Rubber-Stichting, Delft (Netherlands) 


§ 1. CONDITIONS FOR A MULTI-LAYER SYSTEM 


Two materials A and B can adhere by direct contact with each other; 
tinned iron is an example of such direct adhesion. Adhesion can also take 
place by intervening layers A’, B’, etc. as in the adhesion of rubber to iron 
through an intermediate layer of brass. 

If there are interfaces between A and B, the system can be represented 
by the following general picture of adhesion of n layers: 


ve” te Oe Mie yng eee) aed PA Ma 


The simplest case (e.g. tinned iron) is therefore A/B, for which n = 1. 

From a thermodynamic point of view one has to consider two different 
sets of conditions, namely: 

(a) The thermodynamic conditions necessary for making the contacts at 
the interfaces, 7.e., those for wetting. 

(b) The thermodynamic conditions necessary of separating these contacts, 
i.e., those for adhesion, controlling the strength of the joints. 

For a multi-layer system the conditions must be sufficiently favourable 
for the complete wetting of all interfaces; the thermodynamic conditions 
for the poorest wetting ayer will therefore control the final result. 

For the strength of the multi-layer system the adhesion at the weakest 
interface is critical, unless the strength within the layers is less than that in 
the interfaces. 


§ 2. CONDITIONS FOR WETTING 


In order to obtain proper wetting between two substances A and B, at 
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least one of them has to be applied in the liquid or plastic state, sometimes 
in the highly elastic* state. 

When a solid comes into contact with a liquid, the system will undergo 
changes if the free energy F can decrease, #.e., if AF is negative. According 
to thermodynamics** the following equation (when volume and temperature 
are constant) holds true at a first approximation: 

AF = AU—TAS, (1) 
where F = free energy, U = internal energy, S = entropy. 
There are consequently two factors controlling A, namely the change in 
internal energy and the change in entropy. The entropy is always striving 
after a maximum and thus has the tendency to make JAS positive and, 
therefore, -TAS negative. Wetting is thus in practice always promoted by 
the entropy factor and it depends only on the magnitude of (\U whether 
wetting does or does not occur. Considering /\U in greater detail, we realize 
that for wetting the solvent must be in contact with the molecules of the 
solid, which involves a change of potential energy. 

If the molecules of the solid attract those of the solvent, heat is liberated, 
which means AU is negative. Then, according to equation (1), AU is 
acting in the same sense as the entropy factor and hence wetting occurs 
with certainty. 

If the molecules of the solid do not attract those of the solvent as much 
as the solvent molecules attract each other, /(\Uis positive and it depends on the 
magnitude of (AU — TAS) whether wetting occurs. If in such a case AU 
is of the order of magnitude of TAS, then slight heating will be sufficient 
to convert a non-wetting system into a wetting one. Experiments on 
dissolving have shown! that the case of a positive /\U, in which, therefore, 
the entropy factor plays a dominant part, is more frequent than was pre- 
viously expected. An example is the dissolving of rubber in hydrocarbons. 

We shall now consider the energy changes in gteater detail. Wetting 
involves * the disappearance of the surface of the solid and the appearance 
of the interface, leading to the following energy balance: 

AUy = AUs + AU, — AUs,, (2) 
where Uy = energy of wetting 
Us = energy of solid surface 
Ur = energy of liquid surface 
Usr = energy of interface. 

Table 1 lists some of the data res 
solids 2. 

* For instance, when a 
with here. 


ek ; 
See Chapter 2 for a more detailed discussion of thermodynamics. 
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gelatine gel sticks to a plate. The wetting by gases is not dealt 
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TABLE 1 
IIEAT OF WETTING OF SOME SOLIDS IN VARIOUS LIQUIDS AT 25° C 
(in k.cal per molar area of liquid) 











| BaSO, | SiO, _ Graphite Charcoal 
Water ia 9.2 4.1 — 
Ethyl alcohol — 12.2 se 3.6 
Carbon tetrachloride 9.2 . — | 8.3 8.1 
7.8 7.4 


Benzene 4.9 5.2 ) 


A practical means of measuring the wetting capacity between solids 
and liquids is afforded by the contact angle. It can be shown* that 
compatibility between an adhesive and a surface exists if approximately the 
same angles are obtained for the adhesive-coated surface as for the clean sur- 
face when the same calibrating medium is used to obtain the contact angles. 


§ 3. CONDITIONS FOR ADHESION 
The conditions for wetting in equation (2) were derived for a solid and 
a liquid, because this is the type of wetting that occurs in practice. 

In considering the adhesion, however, one is concerned with the adhesion 
between the solid (S,) and the solidified glue (S,). This makes an essential 
difference, because, on breaking the joint, the interface J,/S, disappears, 
and in its place two new surfaces appear, namely JS, and S,. The energy 
balance is therefore: 

AU, = AU;, a3 AU, AU 5,5, (3) 
where U_4 = energy of adhesion. 

This equation is of the same type as (2), but in (2) the factor corres- 
ponding to AUs, is missing. 

Fig. 1 elucidates this difference which, at first sight, is unexpected. 

The result of putting the solid S, into the liquid L (see Fig. 1a) is shown 

in b, proving that the interface has 

| 5 been formed and that only the sur- 

| ™ fF face JS, has disappeared. This is the 
== ue awe PLE case of wetting. If the solid 5S, is 
a pat aac d now withdrawn from the solid S, 


Liquid Solid (see c), the situation d results, in 
Fig. 1. Disappearance and formation of which the interface has disappeared 
interfaces. and has been replaced by the sur- 


face S, plus S,. This is what occurs when adhesion is destroyed. . 
It has been calculated ? that the energy of adhesion, according to equation 
(3), is greater by about 1 to 2 k.cals than the energies of wetting of Table 1. 


* F, Moser, A. S. 7. M. Bull., Oct., 1950 p. 62. (Note added in proof). 
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Now the energy of adhesion will change from the instant that the glue 
is applied, owing to one of the following three processes: 
(a) The solidification of the molten adhesive, due to the cooling process. 
(b) The evaporation of the solvent. 
(c) The chemical reaction which occurs in setting adhesives. 


Re (a). If the adhesive has been solidified by cooling AT degrees Kelvin, 
AUs 5, will have increased by some function of RAT. For thermoplastics 
this range of cooling is, say, 75° C. 

Re (b). If the adhesive has been solidified by evaporation of the solvent, 
AUs.5, may increase or decrease, 
depending on the type of solvent. How 
important the effect of a foreign sub- 
stance on the heat of wetting may be, 
is demonstrated? by Fig. 2, where 
small traces of water or butyric acid 
influence the heat of immersion of 
TiO, in benzene to a considerable 
extent. 





Cals per gram 


Ms lee alee 
Spee ao AR 









Per cent by weight 





Re (c). If the glue has been soli- 
dified by a chemical reaction, AU 5,55 
depends on the energy content of the 


chemical bonds formed and on the 
number of these bonds per mole. For 
a phenol formaldehyde resin with 
three reactive groups, each with an energy content of, say, 70 kcal per 
mole, AUs.s5, would be of the order of 200 kcal per mole, if all bonds 
were formed in the hardening reaction and broken by the mechanical 
disruption. Actually the conditions will be far from this and so the real 
value will be below 200 kcal/mole. 

In cases of polar—non-polar liquid molecules 3 
(stearic acid) the coherence in even layers is 2 
stronger than in odd layers, because the polar —~ 
part is turned toward fi solid in hear ddd sd dd 
layer, away from it in the second, etc. Shearing 
will occur with the least opposition in the non- 
polar plane, marked — in Fig. 3. 


Fig. 2. Energy of immersion of TiO, 
in benzene containing some water 
or butyric acid 


Sotid 


sesereds fA 


Fig. 3. Shear in a polar— 
non-polar liquid. 

A typical example of the influence of the orientation of functional groups 

is the covering of glass by certain methyl silicones. A glass surface under 

atmospheric conditions consists essentially of exposed OH-groups. Letting 
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chlorosilane enter into reaction, one gets (if A represents the non- 
reacting part): 


che Cl. | CHs S On » 7 CH; 
‘ 
” “OH civ ~CH, alas CH: 
a OH * Cy 7 CHs » 7On Hs 
Sty d Bt As OS 

OH a Ia CHy O CH, 

Glass surface Dimethyl! chloro- Modified glass 

silane surface 


The new surface is now hydrophobic, repelling water molecules, thus 
being unable to be wetted by or giving adhesion to, polar molecules. 


§ 4. INFLUENCE OF THE THICKNESS OF THE LAYER 


It has been shown that the adhesion of a liquid to a solid decreases with 
increasing layer thickness. Table 2 shows that the energy of desorption 
minus the heat of vaporization for each subsequent layer is about 1/, of 
that of the layer just beneath it. 


TABLE 2 
ENERGY OF DESORPTION OF MOLECULAR LAYERS OF WATER FROM TIOg CRYSTALS® 

















Number of layer | Energy of desorption* (cal/mole) 
1 6550 
2 1380 
3 450 
+ / 80 
5 | 30 








§ 5. TOPOGRAPHY OF ADSORBING LAYERS 


As the surface energy is different for the various crystal faces, edges and 
corners, it is clear that the adhesive strength will vary in the different 
crystal positions. One can therefore speak of a “topography” of the adsorb- 
ing surface. As the energy of separation of ions from the surface of a 
NaCl crystal varies * between — 1.5 and + 3.1 units, one might say that 
there are “sites” of high adsorptive energy. 

By measurements of the adsorption of gases on crystals, it has been 
shown 5 that, in the case of VAN DER WAALS’ forces ®, AU is maximal when 
the molecules of the adsorbent can make a maximum number of contacts 
with the surface molecules. Consequently, the heat of adsorption is increased 
about four times** when, instead of being flat, the surface contains pores 
or chinks, in which the molecules can be adsorbed. 


* The figures indicate theenergy of desorption minus the vaporization energy of water 


in bulk. ; Oe 
** Under optimum conditions even 8 times. 
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By contrast there is adsorption by means of electrostatic forces ®, where 
AU is maximal at sharp corners, sticking out of the surface. Due to the 
repulsion of dipoles with the same sign, the adsorbed molecules try to find 
sites, on which they are as far removed from their neighbours as possible. 

There are also other purely chemical reasons for assuming the presence 
of sites of different adsorptive capacity. Thus there are different atomic 
groups on the surface. Thinking, for instance, in terms of wood and 
protein glues, one has the OH groups of the cellulose and the CO and the 
NH, groups of the proteins. 

It is to be expected that in the initial stages of the wetting process, when 
the sites of high energy are the first to be saturated, the heat of saturation 
will be higher than at the end. 

From experiments 7? on the wetting of carbon-black by rubber it does 
in fact appear that initially this heat of wetting is about 18 kcals per mole, 
decreasing sharply until about 40 per cent. of the carbon-black surface 
is covered with sites of high adsorptive capacity §. Between 40 and 100 
per cent. of this monolayer formation, the surface appears to be quite 
uniform as regards adsorptive capacity; as soon as the monolayer is formed, 
the values again decrease and approach the heat of liquefaction of the 
adsorbate, which is of the order of 6 kcals per mole. 

Another result of the preferential forces is an orientation of the adsorbed 
molecules. It has been possible, for instance, to show 5 that phenol mole- 
cules are adsorbed on NaCl by means of the OH groups, adhering to the 
Cl-ions, whereas the benzene ring is oriented parallel to the surface. 

All these considerations lead to the conclusion that thermodynamic 
measurements, furnishing only overall data on heat exchanges, can only 
give a very rough indication of what is actually occurring. 

By experiments, such as those mentioned for the investigation of carbon- 
black, more precise data can be obtained. These problems are discussed 
in greater detail in Chapter 2. 
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CHAPTER 2 
MOLECULAR FORCES 


Dr A. J. STAVERMAN 
Plastics Research Institute T.N.O., Delft (Netherlands) 


§ 1. INTRODUCTION 


A survey of the relationship between adhesion and cohesion on one side, 
and molecular forces on the other, should take cognizance of the milestones 
marking the passage from sheer phenomenology to a comprehensive 
quantitative molecular analysis. 

In section 2 of this chapter we shall consider the phenomenological 
constants by which the phenomena can be described. 

In section 3 we shall try to discover which molecular constants are 
decisive for the values which the phenomenological constants assume and 
shall deal with the relationship between both sets of constants. 

In section 4 the present status of the theory of molecular forces and the 
general relation between molecular structure and the molecular constants 
of section 3 will be considered. 

In section 5 we shall set forth our conclusions as to the relations between 
molecular structure and phenomenological behaviour. 

In section 6 some quantitative data regarding molecular interaction are 
given and in section 7 conclusions are drawn on the question as to what 
we may expect from a molecular theory of adhesion and what we may not. 


§ 2. PHENOMENOLOGICAL CONSTANTS 


The phenomena we wish to describe are cohesion and adhesion. Of these 
the first is the simpler because only one homogeneous phase is involved, 
whereas in problems of adhesion we have to deal fundamentally with two 
phases of different molecular structure. However, as we shall see, cohesion 
of mixtures containing different molecules in a homogeneous phase closely 
resembles adhesion between different phases in its fundamental treatment. 
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(a) Cohesion 


The most important phenomena which govern the cohesion of a material 
are 1) volatility, boiling point, 2) solubility, miscibility, 3) “tensile strength’. 

The quantity determining volatility and boiling point is the free energy of 
evaporation: 

AGyap a AFAvap i: TAS sap (1) 

AFingp is the heat needed for evaporation, A Sygp is the entropy gain 
on evaporation. If \ yap has a large positive value, volatility will be low, the 
boiling point high; or, put differently, in equilibrium, AGygp = 0. The 
entropy of evaporation AS,,, depends greatly on vapour pressure p, being 
in fact, 

AS rap = AS, — R \n p (2) 
per mole. So for low p, ASyap has a very large positive value and decreases 
rapidly with increasing p. Where the value of the heat of evaporation is 
high, a small p will make AG = 0, which means that the vapour pressure 
will be low. An equilibrium value of p = 1 atm. (boiling point) can then 
only be reached at a high temperature 7. 

It will be clear that the fundamental constants which are decisive for 
volatility and boiling point are the quantities AH, ) and AS,. One may 
consider these quantities per cm? or per gram or per mole of the substance 
under consideration. As, however, the entropy of a vapour at a certain 
p is essentially dependent on the number of molecules, it is convenient to 
use molal quantities when comparing different substances. Moreover, 
AS per mole has very nearly the same value for many ordinary liquids 
(viz. 20 cal/degree, TRouron’s rule) and an only slightly deviating value 
for associating liquids. This is an additional reason for preferring to compare 
AH and AS values per mole. 

Since A\S, depends little on molecular properties, the main characteristic 
quantity in considering vaporization is the heat of vaporization AHygp 
from which a latent heat AU yap may be split off if so desired: 


A Aye = A Usp +p AV (3) 

The quantity AU, p» per molecule being the energy needed to bring a 

molecule from the liquid into vacuum, might be called the cohesion energy 
of the liquid per molecule. 

Next to vaporization, so/ution is an important phenomenon, dependent 

on cohesion forces. Like vaporization, the phenomenon depends on a 


free energy of solution, as was pointed out in Chapter 1. AGyoj consists 
of an energy and an entropy part. 


A Gy = A F191 — T A Sor (4) 
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Comparable with (2) we have 
A Sor = A Ser — Rine (5) 
where ¢ is the mole fraction and AS is taken per mol., but (5) holds good 
only in dilute solutions. 

Again 

A A = A Uy + p AV (6) 
but, as volume changes on solution are usually slight, \ Ay; and AU ;»9/ 
may be taken as equal at a first approximation. 

The fundamental quantities decisive for the phenomenon of mixing 
and dissolving are AU; and ASyj. Dissolving (mixing) will be satis- 
factory when AU,oj is small and ASyoj large. AUsoy differs from LU yap 
when both are taken per molecule, in that AU; is the difference in cohesion 
energy of a molecule in the pure and in the solute state. In dilute solutions, 
when (5) is valid, where ¢ is the mole fraction, it is convenient to consider 
AU sq} and AS;oj per mole. Generally speaking, AS°,,; then = 0 if both 
phases under consideration are liquids (phenomenon of mixing of liquids), 
whereas /\S°,,; equals the entropy of fusion if one of the phases is a solid 
(phenomenon of solution of solids). 

In higher concentrations, especially of high polymers, (5) ceases to be 
valid. The entropy of solution then does not depend on the molar concen- 
tration, but on the volume concentration at a first approximation and this 
means that the use of molar quantities is not very convenient. 

The third and last phenomenon which is closely connected with the 
cohesion of a material we have called the “‘senstle strength”. The quantity 
which is called technically the tensile strength is a compound quantity 
which contains, among other things, the negative pressure needed to separate 
two surfaces in the material. It is clear that this negative pressure, computed 
per cm, is closely related to the cohesion energy per cm’, dealt with above, 
and one may find the term “cohesion force” used for this pressure or 
“cohesion energy” for the energy needed to make two separate surfaces 
of 1 cm? each in the midst of the liquid. However, the cohesion energy 
defined in this way is definitely different from the heat of evaporation. For 
the energy needed to make two surfaces of 1 cm? each in a material is by 
definition twice the surface tension of that material, whereas the structure 
and the energy of the surface play no part in the heat of evaporation, since 
all molecules are supposed to become free. 

So in tensile strength determinations we measure, besides viscosity and 
elasticity, a quantity which has to do with the surface tension of the material. 
We would do well toconsider, however, that if one did actually measure the 
energy of separation, which is so important in tensile strength measurement, 
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the value found would probably be different from twice the surface 
tension, since the newly formed surface will not have its equilibrium structure 
at the moment of separation. Very little has been achieved yet in an en- 
deavour to measure these fundamental quantities? *. 


(b) Adhesion 


The phenoniena which we shall classify under this heading are those which 
fundamentally depend on the structure and therefore on the energy or free 
energy of a surface. Those phenomena are capillary rise or repulsion and 
wetting, which play an important part in the performance of adhesives. 

What quantities determine whether or not a given liquid L will penetrate 
into the capillary pores of a given porous solid S$? 

These quantities are the surface tension of the pure liquid against the 
air (vapour), yc and the wetting angle # between the solid and the liquid. 
Of these, the surface tension of the liquid is the simpler, being dependent 
on the molecules of the liquid only. What it means and the techniques 
employed to measure it form the subject matter of many textbooks, so we 
can dispose of it briefly now. By definition the surface tension of a liquid 
yLc is the free energy per cm? of that liquid or, which comes to the same 
thing, the force per cm with which the surface tries to contract. It is 
measured by means of various methods, notably the capillary rise method, 
maximum bubble pressure method, drop weight method. 

it might be thought that capillary rise depends on the surface tension 
of the liquid only and is independent of the capillary solid, since one can 
measure the surface tension by it, irrespective of the substance of which 
the capillary tube is made. This, however, is not true. The quantity which 
determines whether there will be capillary rise or not is the wetting angle 
between liquid and solid. Capillary rise occurs with a wetting angle smaller 
than 90° and with known wetting angle the surface tension can be cal- 
culated from the height of capillary rise. If, as in most actual measurements, 
the wetting angle is zero, the formulas for the relation between capillary 
rise and surface tension become very simple and no longer, of course, 
contain # explicitly. 

Generally in formulas 

y=thegorlcos 3 (7) 
where y is the surface tension, 4 the height of rise, g the acceleration of 


gravity, @ the density of the liquid, r the radius of the capillary tube. With 
3 = 0 this becomes 


y=thegeor (8) 
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It is obvious from (7) that capillary attraction (rise) occurs when cos # 
is positive, so for ® < 90°. 

We conclude from this discussion that, in the study of adhesion, mea- 
surement of the contact angle is at least as important as measurement of 
the surface energy. The quantity y, the free energy per cm? free surface, is a 
fundamental quantity directly dependent on the molecular structure of the 
surface and the molecular forces in the liquid under consideration. The 
quantity #, however, is of a more phenomenological nature. The funda- 
mental quantities behind it are the adhesive energy and interfacial energy. 

Now the actual measurement of # meets with some difficulties. Although 
there should be, of course, one single value for the energy of adhesion, 
i.e. the free energy which is g2ined or lost if two clean surfaces against air 
(vapour) are brought into contact, two, and often many more, values of 
the contact angle are in fact always measured. The many values found in 
actual measurements result from small traces of impurities on either of 
the surfaces. Of these “‘impurities”, air and moisture are the most perni- 
cious. Since the energy which is of interest here is, like any intermolecular 
energy, very sensitive to polar compounds, one can understand that a 
very polar substance like water, or an active chemical like oxygen, which 
forms polar oxides with many metals, may have a decisive influence on 
the measured quantities. If every precaution is taken to ensure cleanliness 
during operations, these disturbing factors can be eliminated, but the 
values then obtained are unrealistic and of very little practical interest. 

The other difficulty, v#z. the measurement of two definite contact angles, 
each of which may be completely reproducible, is more a matter of prin- 
ciple. These two contact angles differ, in that one is measured when the 
contact surface is increasing, the other when it is decreasing. There are 
apparently two definite and different values of the free energy per cm? and 
though one of these is, of course, the lower, both represent equilibrium. 
Thermodynamically, this means that both free energy values are a minimum, 
so to go from the one to the other state one has to pass a free energy hill. 
Kinetically, this free energy hill is constituted by the orientation process 
which takes place in the surface of both phases. Before contact, the polar 
parts of the molecules are as far away as possible from the surface, whereas 
after contact polar parts in particular may be oriented towards the surface. 
This suggestion would seem to be borne out by the observation that 
considerable differences exist between measured advancing and receding 
contact angles and generally very small receding angles on polar surfaces. 

For the practical use of adhesives the receding contact angle, which is 
the smaller, seems to be the better yardstick for adhesive efficiency, since 


References p. 32 


14 MOLECULAR FORCES CH. 2 


presumably the main problem in glueing practice is not how to apply the 
adhesive but whether it will remain on the surface when applied. Once the 
adhesive has been applied, its adhesive, energy is given by the receding 
contact angle and not by the advancing contact angle. 

How, then, do we calculate interfacial and adhesive energies from a 
known value of the contact 

LG 
angle? 

In Fig. 4 we have drawn 
the three surfaces near the 
contact line. The fact that 
equilibrium obtains means 
that the three forces which *8¢ pens a 
try to contract the three Fig. 4. Contact angle between liquid and solid. 
surfaces are in equilibrium 

¥so=ysLt+yriG6 cos B (9) 
where ys, is the surface energy of the solid, y,, the interfacial energy 
between solid and liquid and y,¢ the surface energy of the liquid. The 
surface energy of the solid y,<, which is the energy needed to make from 
a piece of homogeneous solid 1 cm? surface against air, does not really appear 
in this formula. The only quantity one finds experimentally is y5¢ — Ys5,, 
i.e., the difference in energy between 1 cm? free surface of solid + bulk 
liquid L and 1 cm? of interphase between solid and liquid. Since the solid 
is supposed not to change its total surface, there is no breaking up of the 
solid phase in the process. 

With the contact angle between 2 liquids this is quite different (Fig. 5). 
Here the total surface of both liquids 
changes in a virtual displacement of the 
contact line and therefore all three y’s 
play a part. However, the contact angle 
between two liquids is not nearly as 
important in practical problems as is the 
contact angle between a solid and a 
liquid. 

Another way of seeing that in the 

Fig. 5. Contact angle between two measurement of a contact angle between 

; Bamicss liquid and solid only y.¢— v5, appears is 
by introducing a new quantity, the “energy of adhesion” W,;, which is 
the energy gained if two free surfaces of 1 cm? of both solid and liquid 
are joined to one interphase of 1 cm2. From this definition it follows that 


Wis =yiet+yso—yor (10) 


Gas Liquid 
av 


786 FAG 


7AB 
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which again contains Ysc¢ Only in the combination y,~ — ys. (10) and 
(9) together give: 
Vrs = y r¢ (1 + cos #) (11) 

To sum up: The quantities fundamental to problems of adhesion are: 

(1) The surface energy y,, of a liquid against air, which is the energy 
needed to make a free surface of 1 cm?, starting from bulk liquid. Sometimes 
2 ¥1¢ 18 called “the work of cohesion of the liquid”’. 

(2) The energy difference between 1 cm? free solid plus bulk liquid and 
1 cm? solid wetted by the liquid, which energy difference equals y,~ — yy. 

(3) The energy of adhesion W,,, which is the energy gained when two 
free cm? of liquid and solid surface are brought into contact and which is 
connected with the former quantities by (10). 

Throughout this discussion of surface problems we have refrained from 
discriminating between free energy and total energy. As entropy does not 
play the predominant part it does in the process of solution (mixing), we 
shall not consider its influence in any detail. But it should be borne in 
mind that surface energy always means free energy and that all references 
to the force acting on a borderline imply its derivatives. 


§ 3. MOLECULAR CONSTANTS 


The constants of the foregoing paragraph are purely phenomenological. 
What are the molecular properties we need for an interpretation of those 
constants in molecular terms? 

In the literature one finds a great variety of molecular properties used 

for this purpose, for instance “VAN DER WAALS’ ” constants a and J, the 
dipole moment, group moments, the parachor. Mention should also be 
made of the energy density and the dielectric constant, which, though not 
molecular constants themselves, do appear in formulas connecting macro- 
scopic energy values with molecular structure. 
Though certainly each of these properties has something to do with mole- 
cular energy of interaction, no quantitative theory has yet been established 
which describes cohesion and adhesion phenomena quantitatively with 
their aid. 

On the other hand, very simple arguments will enable us for the most 
part to describe those phenomena qualitatively. 

One can make an overall division between polar and non-polar sub- 
stances and it is well known that polar substances attract each other, that 
non-polar substances attract each other but that polar substances repel non- 
polar substances. . 

This general statement of the facts, however, is not easy to expound in 


References p. 32 


16 MOLECULAR FORCES CH. 2 


terms of a more precisely formulated theory. It would, for instance, be 
enlightening if there were an exact number for every substance which 
defines its polarity and, next, some general theory explaining the difference 
between the “polarities” required for separation, capillary repulsion, etc. 
But advance along this road is beset with immense difficulties. If one tries 
to connect polarity with the dipole moment of the molecule, one will 
find that the total dipole moment is not characteristic for cohesion forces, 
since, ¢.g., patadichlorobenzene, which has no dipole moment owing to 
its symmetry, is no less polar in its behaviour than monochlorobenzene. 
This difficulty is avoided by using partial moments instead of the total 
dipole moment, though it is difficult to know how the electrical charge 
distribution can be split up into partial moments in complicated molecules. 
What is worse is that there is no direct quantitative relation between the 
partial dipole moment and cohesion forces, the behaviour of molecules 
with a high dipole moment often being less polar than that of molecules 
with a low dipole moment. The only statement one can make about these 
relationships is that both the polar molecular forces and the dipole moment 
of a group have something to do with the asymmetry of the distribution 
of charge on that group and, therefore, if the charge distribution is sym- 
metrical, as it presumably is in hydrocarbons and in carbon tetrachloride, 
both vanish. The fact is that the dipole moment is a quantity which charac- 
terizes the electric field at long distance from the molecule. Thus it does 
account for a contribution to the dielectric constant and also for the mole- 
cular forces in a dilute gas, as expressed in VAN DER WAALS’ constant a. 
But in condensed systems, like liquids and solids, the molecules are so 
near to each other that the electric field which acts on neighbouring mole- 
cules can no longer be properly described by the dipole moment. The 
precise charge distribution near the point where a molecule is touched by 
its neighbour is dominant in cohesion forces, whereas in the integration 
of the dipole moment, distance of charge from the surface of the molecule 
is not accounted for. 

Our conclusion is that the value of the dipole moment, though it has 
certainly something to do with polarity, is not a suitable quantity for use 
in a quantitative treatment of molecular forces, and the same is true for the 
dielectric constant. 

The next thing to try for in a attempted quantitative analysis of molecular 
forces is the construction of a scale of polarity based upon the cohesion 
phenomena themselves, e.g., on the data of solubility or swelling. 


This procedure is exemplified in the following table borrowed from 
MaGar 3, 
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TABLE 3 


LIST OF SOLVENTS, ARRANGED ACCORDING TO THEIR ENERGY DENSITY 

















Name | Formula rng | Soluble high polymer 
1. » butane | C,H 6.64 | Ni 
: ayo ‘ Numbers between brackets be- 
* ets | ote ae | hind a polymer correspond to num- 
gl cee | Sip aoe bers of solvents for that polymer. 
oY che che 780 | pol 
.n- gi tis . polythene 73 
7. cyclohexane ) CH. 8.25 | rubber (2—18) 8.0 
2 satan tetrachloride Chl, 8.62 buna S (4—18) 8.6 
. ethylbenzene | C.H,C,H,; S752" ) 
10. p-xylene | p-C,H,(CH,) 8.81 | olyst 7—19 — 
11. methylpropylketone Girorr | 692.4 i 
12. toluene C,H;CH, 8.94 - | 
13. ethylacetate | CH,COOC,H,; | 9.08 | 
14. benzene CeHe \ week 4 
rt recs aia aan are CHC), | 9.27 | silicone 
. chloroform CHCl, | 9.40 | 
17. acetone CH,;COCH, | ~ 9.89 | polyvinyl chlorid 
: yl chloride(15-21) 9.7 
as ee disulphide : | 10. methacrylate (9—21) 
. dioxane yH,O 10.15 
20. pyridine C,H,N | 10.87 dinitrocellulose 11.4% 10.72 
21. n-butanol C\H,OH | 11.10 | (15—28) : 
. | 4-29 ; ay 
22. propanol CHO 11,92 cellulose acetate 10.9 
23. nitromethane | CH,NO, 12.70 | (15—24) 
24. ethanol C,H;,OH 12.80 | 
25. cresol C,H,O 43.3 nylon (25—27) 
26. formic acid HCOOH eee 
27. phenol C,H;OH | 14.5 
28. methanol | CH,OH | 148 | 
29. water | H,O | 23.41 | 
| | 











Macar does not place substances in order of polarity but of their energy 
density a. By energy density is meant the cohesion energy per cm%. This 
quantity is closely related to “polarity”, as the energy density due to non- 
polar forces does not vary much among organic substances * and it has the 
advantage of being expressible by a definite number. We sec from Table 3 
that, if a large number of liquids are arranged according to their a, the 
solvents for one definite polymer do in fact come together; hence the 
difference in energy densities, considered as a characterising quantity, will 
prove a valuable guide as to whether a given polymer, p, will or will not 
be soluble in a given liquid, /. 

Macar’s idea, as reproduced in Table 3, was derived from a theory 
of mixtures, first developed for gases by VAN DER WaALs and VAN Laar ¢ 
later adapted by HrLDEBRAND to liquids. This theory can be summarized 
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by the well-known HILDEBRAND formula for the heat of mixing M(N,N,) 
of N, and N, molecules of components 1 and 2 respectivily: 


N. aL ¥; 2 Vy V2 
NM, V, Nz V2 





M(N,N,) = (Ya, — Jas ) (12) 
where V/ is the molar volume and a the energy density. 

However, it was shown particularly by GEE’, who made extensive use 
of HiLpDEBRAND’s theory, that the quantitative relationships predicted by 
this theory do not hold experimentally. So this approach, too, leads to 
qualitative statements only. 

The reason why this treatment breaks down in an attempt to use it 
quantitatively is exactly the same as that dicussed with reference to the 
quantitative evaluation of dipole moments. HILDEBRAND’s theory was also 
evolved to account for molecular forces in dilute gases. For instance, in 
HILDEBRAND’s treatment it is assumed that the molecular energy of inter- 
action depends on the distance between two molecules as the most important 
parameter. Now, from our present knowledge of the structure of liquids 
and solids we infer that it is difficult to give even a correct definition of 
the distance between two molecules if both are of an arbitrary shape and 
are more or less entangled. We can of course arbitrarily take the distance 
between the centres of gravity as the important parameter, but then we 
know that actually molecular energy of interaction depends not only on 
that distance but, at a first approximation, also on the way in which super- 
ficial groups of the molecules touch each other, a fact already pointed out 
in connection with electrostatic (“dipole”) forces. 

Apparently the best approximation we can make of molecular forces 
is by assigning definite energy values to definite molecular contacts, in 
much the same way as proposed by Lancmurr when he framed his “‘prin- 
ciple of independent surface action” 8. 

Starting from this principle the molecular properties of interest are: 

(a) The total molecular surface. 

(b) The energy of contact between non-polar surfaces. 

(c) The energy of contact between polar surfaces. 

(d) The energy of contact between polar and non-polar surfaces. 


In reference to these quantities we shall briefly survey the theory of 
molecular forces. 


§ 4. MOLECULAR FORCES 


Molecular forces are generally divided into three classes, viz., 
(a) Lonpon forces, or dispersion forces. 
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(b) Desye forces, or induction forces. 
(c) KeEEsom forces, or electrostatic forces. 


(a) London Forces 


The Lonpon forces are by far the most common and the most important 
of the three classes. They are the non-polar forces which act between all 
atoms, whether electrically charged or not. Of only very few, very polar 
molecules, like H,O, NHsg, do the electric forces surpass the LONDON 
forces. In all common organic compounds Lonpon forces contribute 
80—100°% of the total cohesion forces. Although they constitute the most 
important class, the discovery of the origin of these forces was historically 
the last ® as it took place after the development of the quantum theory of 
atomic structure. 

In this treatment we will not consider primary valence forces because it 
is very doubtful wether they are of any importance in adhesion °°, 

In terms of classic physics one can visualize this universal cause of 
attraction by considering the mutual approach of two models, each con- 
sisting of a positive core around which a negative electron is revolving. 
If the frequencies of the electrons are about equal, there will appear phase 
relations between the two atoms of such a nature that the negative electron 
of one atom is near the positive core of the other when the electron of 
that atom is at the other side, and the same thing reversed. This will result 
in a lowering of the total energy of the system. 

It will be clear that these forces are of a very general nature. In fact, as 
all atoms consist of positive nuclei around which negative electrons are 
moving, LONDON forces exist between all atoms. Three features of LONDON 
forces are worth noting here. 

Firstly they are fundamentally dependent on the total number of elec- 
trons present and the positive charge to which these electrons are bound. 
Therefore, as common groups in organic molecules like —CH3, —NHy, 
and —OH or =CH,, =NH and =O have the same number of electrons 
and like positive charge, they are nearly identical from the LonDon point 
of view. 

Secondly, the Lonpon forces are short-range forces, the energy declining 
at short distances by the 6th power of the distance and at long distances 
by the 7th?. 

The third important property of Lonpon forces is that the energy of 
interaction due to these forces between unlike atoms is at most equal to 
the geometric mean of these energies between like forces. 


Ly = i. Loe (13) 
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where L,, is the LonDon energy of interaction between a molecule 1 and 
a molecule 2, while L,, and Ly, are the LONDON energies of interaction 
between two molecules 1 and between two molecules 2 respectively. 

Equation (13) has interesting consequences. As in the process of mixing 
components 1 and 2, a number of contacts between like molecules is broken 
and the same number of contacts between unlike molecules is formed, the 
heat of mixing is a number of times the quantity: 


=—L,, —Lya+2Li 
If (13) holds, this can be written: 
Q = — Li — Le)? (14) 
which is always negative. So we conclude that the LoNpon contribution 
to the heat of mixing is always negative (cooling on mixing). 


(b) Debye Forces 


The second class of cohesion forces, induction or Desye forces" is 
numerically the least important. It is the energy gained when a molecule 
with asymmetric distribution of charge is immersed in a polarisable medium. 
As these forces depend on the asymmetry of the charge distribution, they 
must be considered as polar forces. However, if the polarity of the molecules 
(asymmetry of charge) is strong, the electrostatic forces vastly surpass the 
induction forces. If polarity is slight, the induction forces are negligible 
as compared to LONDON forces. 


(c) Keesom Forces 


KKEESOM ! was the first to consider electrostatic interaction between electric- 
ally neutral molecules. 

As he was in effect considering the contribution of the forces to VAN DER 
Waals’ a in gases, it was natural that he should develop the asymmetry 
of charge into dipole moment, quadrupole moment and so on, since by 
these quantities the electric field at long distance is approximated correctly. 
However, it was stated in the. former section that the prevailing intermole- 
cular distances in liquids are so short that they make this sort of develop- 
ment useless. In line with Lancmurr’s “principle of independent surface 
action”, we characterize the electrostatic forces of a molecule by the activity 
of positive and negative spots at its surface 13, . . 

Energy is gained when a positive spot of one molecule touches a negative 
spot of another molecule. 


As far as electrostatic forces are concerned, molecules can be divided 
into three classes, v/z., 
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(a) Molecules with active positive spots only. 

(b) Molecules with active negative spots only. 

(c) Molecules with both positive and negative active spots. 

Liquids consisting of molecules of class ¢ are associated in the pure state. 
Liquids of classes ¢ and ) show no large electrostatic cohesion energy in 
the pure state but, when a substance of class a is mixed with one of class b, 
heat is released resulting from the electrostatic interaction between the 
oppositely charged spots. In this way we can account for positive heats of 
mixing and we also understand why heat absorption is so much more 
common than heat evolution on mixing. For heat evolution a very special 
electrostatic interaction between unlike molecules must obtain. 

It may be noted here that the KeEsom formulas containing the dipole 
moment are of such a nature that 

Ki,=) Ku Kye (15) 

Kj. being the KrEsom energy of interaction between unlike molecules, 
K,, and K,. between like molecules. However, by the same reasoning 
which leads us from (13) to (14), we see that only negative heats of mixing 
are obtained with this type of forces. 

Let it be noted that this concept of electrostatic forces eliminates the 
necessity of special allowance for hydrogen bonds. The polar H-atom in 
alcohols, acids and amines is just a positive spot like any other, only a very 
active one by reason of the small size of that atom. The energy of hydrogen 
bonds is considered to be mainly of an electrostatic nature. 


§ 5. MOLECULAR STRUCTURE AND PHENOMENOLOGICAL BEHAVIOUR 


We are now in a position to equate the behaviour of substances in adhesion 
or cohesion phenomena with the structure of the molecules. 

We shall first discuss the influence of the size of the molecule and then 
the influence of polarity. 


(a) Size of the Molecule 


With increasing size of the molecule (“polarity” supposed constani), the 
total surface increases and, therefore, the total energy needed to loosen 
the molecule from the condensed phase increases. As, however, the mole- 
cular volume increases at the same rate, the cohesive forces per cm* do not 
increase. So those phenomena which depend on the energy of cohesion 
per molecule are strongly affected by molecular size, whereas those which 
depend on the energy of cohesion per cm® are not very sensitive to size. 
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As the entropy of evaporation is nearly a constant if measured per 
molecule, the boiling point increases rapidly with increasing molecular 
size. Solubility and miscibility are likewise dependent on molecular size, 
since the entropy involved in the mixing of ordinary molecules is measured 
per molecule (eq. 5). Hence solubility generally decreases with increasing 
molecular size, except where the heat of mixing is positive or zero. 

On the other hand, quantities like surface tension and energy of adhesion, 
being measured per cm?, will not depend much on molecular size. In other 
words, with increasing molecular size the number of contacts per molecule 
increases, but the number of loose contacts per cm?surface remains unaltered. 
In the case of high polymers the relations are somewhat complex. Theory 
shows 14, 15, 16 that in very dilute solutions Raoutt’s law holds, so the 
entropy of solution depends on the mole fraction only. 

At all usual concentrations, however, the entropy of solution depends 
on the volume fraction of the polymer. So in very dilute solutions the 
energy of solution increases linearly with increasing molecular weight and 
the entropy of solution is constant. But in ordinary solutions, both 
entropy and energy of solution, if measured per cm3, are constant; hence 
solubility will depend very slightly on molecular weight. 

There is ample material to confirm these general considerations. Boiling 
points in particular have been analyzed very carefully and in that field one 
can study details like the influence of branching and other steric effects 
which tend to vary the effective surface of the molecule. 

On close inspection of the data it is found that, with increasing total 
cohesion per molecule, the energy of each bond is also increased as the 
whole liquid becomes more dense. Particularly if a liquid is near its critical 
temperature is the energy of a definite contact often considerably less than 
in other liquids. Comparison of the molecular forces of different compounds 
should be based upon conforming temperatures, for instance on boiling 
points, but in problems of mixing and adhesion this is impossible, as the 
boiling points of various components may differ appreciably. 


(b) Polarity 


It follows from the foregoing section that the molecular properties which 
characterize polarity cannot be condensed into a one-dimensional scale, 
be it as cale according to dipole moments or a scale of energy densities. 
This accords with actual experience in selecting appropriate solvents or 
adhesives for specific purposes. We know that molecular interaction is too 
specific to be accounted for by such a scale with one variable only. In our 
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consideration of electrostatic forces as the interaction of definite polar 

surfaces, there is already greater variety of molecular properties. A molecule 

may either be completely non-polar (Class OO), or contain active positive 

polarity only (class PO), or contain active negative polarity only (class ON), 

ot have both positive 

> C- 9 C+) € > and negative active 

surfaces (class PN) 

00 PO ON PN (Fig. 6). Even this 

Fig. 6. Various types of molecules. more ‘dimensional 

scale of molecular properties does not account for the whole specificity 

of molecular interaction. In many cases a very specific fitting or non-fitting 
of molecules may affect the phenomena considerably. 

Neglecting these special effects, let us now see how far our simple 
considerations take us 1’. 

Examples of non-polar substances (class OO) are: hydrocarbons, carbon 
tetrachloride, carbon disulphide. 

Common substituted atoms like N, O and halogen atoms are all nega- 
tively charged. H-atoms may become positively charged if negative atoms 
are nearby and, as they have a very small radius, they then constitute very 
active positive centres. So alcohols, amines, amides and acids belong to 
class PN, having both positive and negative spots. Esters, ethers, ketones 
and pyridine derivatives belong to class ON, as their positive charge is not 
concentrated enough to be active. Chiorine, bromine and iodine atoms do 
have a negative charge, but the polar character of the halides is slight, 
presumably because the radius of these atoms is large. Positive spots are 
introduced by metal atoms in compounds like BF;, AICI, SiCl,; (FRIEDEL- 
Crarts catalysts) and one also finds positive H-atoms in molecules in which 
several negative atoms are accumulated as in chloroform. So these mole- 
cules fall into class PO. 

What are generally called polar substances are compounds from class PN, 
like alcohols, amines and the like. It is clear that, as molecules of these 
substances attract each other strongly with electrostatic forces—besides the 
always present Lonpon forces—and as they do not find any electrostatic 
counterpart in non-polar compounds of class OO, they will not mix with, 
or adhere to, these non-polar substances. But there are no repulsive forces 
acting between molecules of classes OO and NP respectively. On the 
contrary, the Lonpon attraction between molecules of like as well as of 
unlike classes is nearly equal. But the extra mutual attraction between the 
polar molecules is so strong that they stick together very tightly and thus 
repel the non-polar molecules. 


Class. 
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So substances of class OO and those of class NP will mix badly and, if 
they mix at all, they will do so while absorbing much heat. Substances of 
classes PO and ON will mix very readily, with evolution of heat. They will 
generally mix fairly well with each of the other classes, absorbing heat in 
the process. The question of insolubility or immiscibility in these classes 
is only liable to arise where strongly polar substances, like water, are 
concerned. In any event, the survey given here will serve as a guide in the 
interpretation of evidence obtained and for the prediction of solvent or 
adhesive action. 

It should be noted that the problems of cohesion and adhesion depend 
in a somewhat different way on the activities of molecular surfaces. In the 
process of the mixing of two liquids 1 and 2, a number of contacts 1—1 
and the same number of contacts 2—2 are replaced by mixing and, as a 
result, the miscibility depends on 

E11 + E22 — 2€ 42 

On the other hand, in the process of the capillary attraction of a liquid 
| by a solid 2, a number of contacts 1-1 are broken and twice that number 
of contacts 1—2 is formed. So capillary attraction depends on the quantity 
4, — 2&. and not on €y9, since no 2—2 contacts are broken nor formed. 
Indeed, if we try to interpret (11) Wzs = ype (1 + cos 8) in terms of 
molecular energy values we find: 

Ws is the energy gained on contact made between 1 cm? free surface of 
liquid and 1 cm? free surface of solid, so 

Wrs = NEy2 (16) 
where # is the number of contacts per cm?. 

ySL is the energy needed to make one cm? free surface of liquid from 
bulk liquid, so 


Vis = $MEy, (17) 
(16) and (17) in (11) give 





2812 — En _ 2 fu 
Eu £11 
From (18) we see that in fact only the proportion of &,, and ¢,, is of 

interest for the phenomenon and that Eg. Plays no part. 

So if one adds a very polar liquid, 1, to a non-polar porous solid, 2, no 
capillary attraction will occur, as €, is very large and therefore cos @ is 
small and # large. But if the liquid is non-polar or slightly polar and the 
solid polar, then there may possibly be capillary attraction, as £, is small 
and €;, may be of about equal magnitude. 

By contrast, in the process of dissolving a substance, 1, in a substance 
2, it makes no difference whether 1 is polar and 2 not, or the reserve. j 
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We conclude this paragraph with a few words on adhesion to metals. 
For our dicussion in terms of polarity it is sufficient to state that metals are 
not polar themselves, but are extremely polarisable. If an electric charge 
approaches a metal surface, the metal is polarized in such a way that the 
electric field can be described as resulting from the approaching charge 
and another charge of opposite sign situated with respect to the former 
charge symmetrically at the other side of the metal surface (mirror image 
theory). So if a molecule with an active positive spot approaches the metal, 
a molecule with an active negative spot is induced in the metal and strong 
attraction results. The inference is, therefore, that polar substances in par- 
ticular will adhere well to metal surfaces. 

We also understand another phenomenon. Contrary to the adhesion of 
a polar liquid to a polar solid, in that to a metal the polarity of the metal 
only comes into play after the polar parts of the liquid molecules have come 
into contact with the metal. Now, in the pure liquid the molecules will 
turn their polar parts as much as possible away from the surface, as energy 
can thus be gained. Therefore, on coming into contact with the metal, the 
molecules in the surface of the liquid have to turn round, which they will 
have little tendency to do, because the metal has as yet no polarity. From 
this argument we infer that polar substances generally have receding 
contact angles of 0° on metals, whereas the advancing contact angle may 
be appreciable. Of course, the well-known surface films, always present 
on metals, greatly influence this effect. 


§ 6. SOME SPECIFIC DATA 


This Chapter has been mainly concerned with general relations between 
molecular forces and cohesion and adhesion phenomena without reference 
to specific substances. It would need at least a complete book to summarize 
the experimental data obtained on boiling points, heats of evaporation, of 
dissolving and of mixing, on solubility, miscibility and swelling capacity 
of specific compounds. As, however, some reference to such compounds 
does not seem superfluous in connection with the generalizations of the 
foregoing paragraphs, we have selected a few summarizing tables from the 
literature. We have paid special attention to high polymer systems in view 
of their applicability as adhesives. 

First we show an often quoted table from Marx !*, which gives an 
average contribution to molecular cohesion of various groups (Table 4). 
Next we show some data on heats of mixing taken from Hirose 19 (Table 5). 
For polyvinylchloride there are the interesting results of swelling measure- 
ments made by Dory and ZABLE 2° summarized in Table 6 (p. 28). In this 
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table, is a measure of the heat of mixing, being negative when there is 
evolution of heat. 

Though the tables confirm in a broad sense the general statements of 
the foregoing sections, quantitative predictions as to solubility or swelling 
or adhesion cannot be made yet. There are more detailed specific effects 
of interaction which have to be accounted for in a calculation of both the 
energy and the entropy of the systems before a quantitative estimate of the 
phenomena of adhesion and cohesion can be given. 


TABLE 4 


MOLAR COHESION OF DIFFERENT ORGANIC GROUPS 












































Ceca | Molar cohesion Group Molar cohesion 
P | in cal per mol | in cal per mol 
ag Os Re ere wae A 1.780 a NHS eis cena | 3.530 
Os Pet Pree aoa ere 1.780 Se Ry | 3.400 
A tt = Te ee Ben owe 990 = 
poe (CHT Bip doo fe nhs 990 Values which are still 
Pole ee ae 1.630 ees 
BOLL: Cis ioakias 7.250 awa. ag Sea ee | 2.060 
Se eee 4.270 on, BT asi eae we 4.300 
LAC) tang tht wae es 4.700 oe eta oer ewe 5.040 
pee ODES Reereleins 2 8.970 nr NO Sa ere 7.200 
SSL GDS AEG ee 5.600 ces): 4.250 
we CONTI. eset 13.200 
PECOOGH. busccete 6.230 24 CONE ites 16.200 
TABLE 5 
HEATS OF MIXING 
Pair Mole fraction of Heat of mixing 
first-named comp. | per mol. mixture 
chloroform-ethylether | i 
chloroform-acetone nee | 4 red ani 
chloroform-paraldehyde 0.50 | + 533 * 
chloroform-acetaldehyde 0.58 5-339 
chloroform-methanol 0.8 |. avg ae 
choloform-ethanol 075 a o iy 
chloroform-n-propanol er r pe x 
chloroform-/sobutanol ae = 7 re 
chloroform-isoamylalcohol 0/80 | 39 180 ss 
chloroform-ethylacetate 2 | i 436 om 
/ ” 
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Mole fracti 














Pair on of Heat of mixing 
first-named comp. | per mol. mixture 
ethylether-acetone 0.50 — 121 i 
ethylether-paraldehyde | 0.55 — 75 aa 
ethylether-acetaldehyde 0.46 = 135 eee 
ethylether-mathanol | 0.68 ag be hae. 
ethylether-ethanol 0.41 ty 3. ee 
ethylether-n-propanol 0.57 — 175 I 
ethylether-sobutanol 0.54 —207 ,, 
ethylether-ésoamylalcohol 0.57 —185 ,, 
ethylether-ethylacetate 0.52 — 61 , 
acetone-methanol 0.58 —164 ,, 
acetone-ethanol 0.56 — 268 _ ,, 
acetone-ethylacetate 0.50 — 32 , 
ethylacetate-ethanol 0.42 —290 ,, 
ethylacetate-n-propanol 0.52 — 364 ,, 
ethylacetate-isobutanol 0.54 — 432 , 
ethylacetate-isoamylalcohol 0.42 —418 ,, 
methanol-ethanol 0.70 —- 2 , 
methanol-#-propanol 0.67 can’ & Tee 
methanol-sjobutanol 0.51 om AL any 
methanol-sioamylalcohol 0.51 — 46 ,, 
ethanol-#-propanol 0.80 ee 
ethanol-ssobutanol 0.59 | ae 6. 
ethanol-isoamylalcohol 0.70 ae ( 
n-propanol-/sobutanol 0.60 ca. ee ee 
n-propanol-isoamylalcohol 0.75 a tp hh 
carbonbisulfide-benzene 0.52 ae Ue > 
carbonbisulfide-pinene 0.65 — 90 ,, 
carbonbisulfide-chloroform 0.54 —127 ,, 
carbonbisulfide-carbon tetrachloride 0.46 — 74 ,, 
carbonbisulfide-ethylene dibromide 0.57 — 189 ,, 
carbonbisulfide-ethylether 0.60 —109 ,, 
carbonbisulfide-paraldehyde 0.55 ae) | ae 
carbonbisulfide-ethylacetate 0.52 —273 ,, 
chloroform-benzene 0.56 +101 ,, 
chloroform-carbon tetrachloride 0.57 > ae 
chloroform-ethylene dibromide 0.54 bls 20. vgs 
carbon tetrachloride-benzene 0.50 — 2 ,, 
carbon tetrachloride-ethylene dibromide 0.48 sc dee! Dae 
benzene-penene 0.48 —176 ,, 
ethylacetate-benzene 0.50 23. 











+ means evolution of heat on mixing 
— is absorption of heat on mixing. 
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TABLE 6 
€ VALUES FOR POLYVINYL CHLORIDE AND VARIOUS LIQUIDS 
a | : 

Liquid | 53°C 76°C 
trioctyl phosphate aon ee 
rebeee ast — 0.65 — eer 
dihexyl phthalate — 0.13 — 0.0 
ditetrahydrofurfuryl — 0.11 — 0.10 
dibutyl phthalate — 0.04 — 0.01 
dioctyl phthalate 0.01 0.03 
triethyl phosphate 0.13 0.15 
diethyl sebacate 0.17 0.18 
methyl amyl ketone 0.18 0.17 
dihexyl adipate 0.19 0.23 
diamyl sebacate 0.24 0.24 
nitrobenzene 0.29 0.29 
valerolactone | 0.32 0.30 
dimethyl sebacate 0.34 0.34 
dihexyl sebacate 0.35 0.36 
tricresyl phosphate 0.38 0.38 
di-z-octyl succinate 0.39 0.39 
bromonaphtalene 0.40 0.38 
butyl acetate 0.40 0.41 
diethyl phthalate 0.42 0.40 
mesityl oxide 0.43 0.42 
dibutylcellosolve phthalate 0.44 0.42 
nitropropane 0.44 0.42 
ethylene dichloride | 0.46 | 0.43 
ethyl acetoacetate 0.49 | 0.46 
anisole 0.515 | 0.49 
chlorobenzene 0.53 | 0.50 
dimethyl phthalate 0.56 / 0.53 
dibenzyl sebacate | 0.56 0.52 
tetraethyleneglycol dipelargonate 0.56 | 0.55 
methyl acetyl ricinoleate 0.56 / 0.56 
methylcellosolve acetyl ricinoleate 0.57 0.57 
di-2-ethylhexyl sebacate | 0.59 / 0.57 
acetone (at 27° C, 0.63) 0.60 oo: 
butyl acetyl ricinoleate : | 0.65 0.67 
nonaethyleneglycol dipelargonate | 0.71 0.66 
benzene | eet 0.77 
polymerized butyl acetyl ricinoleate | 0.78 0.78 
butyl ricinoleate 1.22 1.20 
octyl laurate 1.38 1.41 
decyl pelargonate 1.47 1.43 
dilauryl phthalate Re 1.41 
butanol 1.74 1.58 
butyl palmitate Lhe 1.66 
ethyl] stearate gD pe’ 1.52 
dioctyl ether | 2.6 2.8 


| 





These tables generally confirm our qualitative considerations: hydro- 
carbons, carbon-tetrachloride and carbon bisulfide are non-polar; alcohlols, 
acids, and amines are strongly polar on both sides; esters, ketones and 
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ethers are strongly polar on the negative side, partially chlorinated hydro- 
carbons are polar on the positive side. 

On the other hand, it typifies the situation with regards to a quantitative 
molecular theory of adhesion that even for such a simple quantity as the 
heat of mixing of liquids no quantitative theory exists. 


§ 7. CONCLUSIONS 


Surveying this chapter, we come to the conclusion that the path which 
will ultimately lead to a complete understanding of characteristics of 
adhesives from the properties of their molecules is very long and very 
thorny. Many sections of this road have not yet been cleared by science. 
Before any substantial progress can be expected, both our theoretical 
insight and our knowledge of quantitative data have to advance on many 
points and, in view of the difficulties involved even in the estimation of a 
simple quantity like cohesion from molecular data, we have no warrant to 
expect an early acquisition of sufficient knowledge to say, with certainty, 
which measurabel quantities describe the desired relations and how they are 
measured. In fact, the obstacles to a theoretical understanding sufficient to 
enable us to predict adhesive properties from molecular quantities are such 
as to make efforts in this direction well-nigh hopeless from the technolo- 
gist’s point of view. This means that, for the time being, significant im- 
provements in the field of adhesives must be expected from direct trials by 
technologists, rather than from theoretical predictions by pure scientists. 
On the other hand, even if large blanks will have to be filled in before 
comprehensive scientific knowledge can be obtained, unconnected gains 
of theoretical insight into some of the factors responsible for the specific 
properties of adhesives may afford valuable guidance for technological 
research. We will, therefore, briefly survey the many elements which a 
complete molecular theory of adhesive properties would of necessity have 
to contain. 

First the question whether a given adhesive will adhere strongly toa 
given material is not only determined by the capillary constants, considered 
in this chapter, but also by the hardening process. One factor which seems 
to be of primary importance is the shrinkage on hardening, adhesion being 
strong when the shrinkage is small. Of course, the influence of shrinkage 
may be diminished by a high elasticity of the adhesive, since the extent to 
which a shrinking layer of an adhesive can remain in contact with a material 
of constant dimensions depends on the ratio between the force of adhesion 
(which, if calculated per cm length, equals the surface energy per cm) and 
the force necessary to counteract shrinkage. The latter force depends on 
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the product of elasticity modulus and extent of shrinkage of the adhesive. 
Now, we are not altogether bankrupt where theoretical knowledge of the 
elasticity of polymers is concerned *1, ?; there is, generally speaking, a 
perceptible tendency for low elasticity modulus to go hand in hand with 
a small number of cross-links and only slight polarity of the molecular 
groups between the knots. Where hardening is a physical process (7.e. 
evaporation or absorption of solvent), shrinkage can be calculated from 
the concentration of the polymer in the glue applied; but our knowledge of 
the factors governing shrinkage in cases of hardening due to chemical 
processes, such as polymerisation or polycondensation, is scanty, though 
there is evidence to show that ring-chain polymerisation results in only 
very slight shrinkage *%. 

In practice the effect of shrinkage is certainly as important as that of capillary 
forces; therefore both theory and technology of adhesives should take 
shrinkage into careful account. 

The circumstances being what they are, it will be clear that capillary 
forces like intersurface energy are not amenable to direct estimation by 
adhesive strength measurements, particularly as many effects besides those 
mentioned come into play in actual adhesion tests *4. 

Since, then, neither the characteristic molecular quantities nor the 
characteristic phenomenological quantities can yet be measured directly or 
even caculated from a combination of measurements, attempts to correlate 
any molecular quantity like the dipole moment with any phenomenological 
quantity like adhesive strength cannot be expected to yield more than a 
very general and qualitative impression. 

Attempts in this direction have been reported on various occasions. 
Mc. Barn and LeEE*> were the first to recognize the multitude of factors 
involved in adhesion and also to reveal a rough correlation between the 
melting point of crganic substances and the adhesion to metals. 

De Bruyne* and also DooxitrLe and PowEL1?? stress the importance 
of polar groups. 

A more recent study has been made by McLaren and collaborators 
29 30 3b 32, particularly on the adhesion of polymers to cellulose. 

In 8 they reveal a linear relation between the logarithms of carboxyl- 
concentration of a polymer and of the adhesion of that polymer to cellulose. 
This work is an improvement on older work because of their attempt to 
calculate well-defined physical constants from their measurements, in 
particular energy values from the slope of the logarithm of measured 
quantities versus the reciprocal of T. On the other hand, it is clear that 
the validity of the quantitive relations which they find is very limited. 
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In *° the compound phenomenological quantity “adhesion” is correlated 
with an other compound phenomenological quantity, “tack temperature”, 
and with the dipole moment of the molecules. Though relations of this 
kind may be very helpful in guiding research, they contribute little to the 
solution of our general problem. In 3! yet more factors are considered, such 
as molecular weight, intrinsic viscosity and humidity and also general 
observations are made on the conditions for adhesive and cohesive failure 
respectively. 

In an interesting paper THrnrus** makes some general statements about 
the gluing of polymers. He remarks that polymers of “different polarity” 
but soluble in the same solvent cannot always be glued together with 
solution of one of the components in that solvent. He attributes this to 
repulsion of the molecules of different polarity and finds that adhesion 
can be obtained by adding an intermediate layer of “intermediate” polarity. 
As an example he quotes the combination nitrocellulose and polyvinyl- 
chloride, which cannot be glued with the common solvent cyclohexanon, 
but which yields good results with an intermediate layer of a vinylacetate 
copolymer or the like. 

THINtvs’ ideas fit very well into our general picture if only by “different” 
polarity we understand difference of degree and not of sign. It is well 
known that solutions of different polymers in the same solvent are generally, 
though not always, incompatible, which means that they separate when 
added together. This is caused by the fact that the entropy of mixing is oftentoo 
small to overcome a negative heat of mixing. However, macromolecules of 
opposite polarity will mix very well, if the solvent does not interfere, and 
one would expect good adhesion for such combinations with suitable solvent: 

For the molecules of polarity of different degree, THrntus’ solution 
with an intermediate layer of copolymer can be understood and even 
more so if this copolymer contains groups of polarity opposite to that of 
the components, This, indeed, seems to hold for the acetate-copolymers 
of vinylchloride. 

In concluding it may be remarked that in this chapter mainly the physical 
factors determining the strength of the ready glued joint have been con- 
sidered. Though we have here ignored the kinetics of the hardening process, 
the importance of this aspect of adhesive quality should by no means be 
underestimated, Much research is, in fact, being conducted on the subject and 
considerable progress in the technology of adhesives may be expected from 
improvements in the technique of hardening, either by better catalysts or 
by more suitable polymerisable substances. The kinetics of polycondensation- 
reactions, however, is a science in itself %* and cannot be treated here. 
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CHAPTER 3 


RHEOLOGY OF ADHESIVES 


J. Hoexsrra and C. P. Frirzrus 
Philips Research Laboratory, Eindhoven (Netherlands) 


§ 1. INTRODUCTION 


Rheology is a rather recent branch of physics, originating not so much 
from new developments in physical science itself, as from an urgent need 
for those occupied with the chemistry and technology of fluid and plastic 
materials to acquire systematic knowledge of the mechanical behaviour of 
these deformable materials. Being part of physical science, its method is to 
start from certain assumptions about the relationship between force, 
deformation and time in very small areas of the material considered, thus 
arriving at conclusions about the deformation of whole bodies along known 





a 
Newtonian or viscous liquid 
Tv 
o-—— 
q 


Fig. 7. Rate of shear strain 
D as a function of stress t 
for a Newtonian liquid. 
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(though sometimes elaborate) mathematical 
paths. The newcomer, usually a chemist, is 
inclined to regard these mathematical compli- 
cations as the crucial point of rheology. In 
fact, the choice of adequate basic assumptions 
is most important. We will try to give a simple 
exposition of those principles of rheology 
which would account for the mechanical 
behaviour of adhesives during their application 
and in their function as binding agents. In 
doing so, the great difficulties inherent in the 
choice of adequate assumptions will become 
evident. 

Simple fluids are called Newtonian, because 
they follow Newron’s law: 


D = = (A) (Sce Fig. 7). 
| 
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This law refers to the effect of a shearing stress, of t dynes/cm? working 
on parallel planes. If one takes (see Fig. 8a) 
a small parallelepiped with a top surface of 
/\O cm? and a thickness of dy cm, then a force 
of AOr will pull the top surface of this paral- 
lelepiped to the right and a force of equal 
strength will pull the bottom surface to the 


AOcm?2 





ofter dt seconds: 


-d left. As the parallelepiped is supposed to con- 
ta, aot sist of a fluid, it will be deformed under this 

oo ae ee stress. A certain velocity v will be imparted 
ve gu to the top with respect to the bottom. This 
pgs <P velocity v= = will be in direct proportion 

Fig. 8a. Deformation of | to the thickness dy. The quotient D = dv/dy 
small parallelepiped. is called the velocity of shear (rate of shear, 


rate of flow). From Fig. 8b we derive: 








dx dx 
dv dt dy dtga do 
VB, SS De = Rs — 
dy dy di dé dt 


for low rates of shear. 

So NEwron’s law states that where 
there is homogeneous shear, the speed 
of deformation is strictly proportional 
to the applied force, viz., 

dof 





velocity gradient”D: - ” 1 
ape aa. » being the viscosity coefficient, — the 
a te at y, tg6—~ 46 — mobility. : 
abe From this law the flow of ordinary 
Fig. 8b. ring ee en pack for liquids through tubular canals is predic- 
table, resulting in PorsEUILLE’s law; this 
law is true only for speeds, not exceeding certain limits, depending on the 
fluidity of the liquids and the dimensions of the tube. Above these limits, 
the movement of the particles of the liquid will deviate from the direction 
in which the pressure diminishes. Turbulent flow will take the place of 
laminar flow. For our purpose, however, only the latter is of interest, and 
we shallignore turbulent flow. Laminar flow can always be conceived as a 
movement of (extremely thin) layers, sliding one over the other. 
Newron’s law holds true for simple liquids. Liquids containing large 
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molecules or solid particles often do not follow this law. In many cases, 
oe Tt : 
however, a deviation from D = — occurs only at low shearing stresses. 


This can easily be understood in the case of liquids containing non-globular 
particles. 

If the liquid is in slow motion, these particles will drift in random orien- 
tation. A strong movement will orientate them in the direction of flow, 
thereby diminishing the resistance which the particles exert to the applied 
force. Once this orientation is established, the fluid will folldw NEwron’s 
law at higher stresses }. 

What has been said here about deviations from the simple law 


ire 2 
| 

at low stresses applies not only to dispersions or colloidal solutions of 
rigid non-spherical particles, but also to dispersions, melts, or colloidal 
solutions, containing possibly globular, but deformable, particles or large 
deformable molecules (or clusters of chain molecules). Emulsions will 
show the same effect. Only in the case of suspensions, where the dispersed 
globular particles themselves are rigid, is orientation out of the question; 
the same is true for a melt containing globular rigid molecules *. 

But the greater part of these suspensions containing deformable particles, 
especially if present in large concen- a 
trations, do show deviations from } 
NeEwrTon’s law and not only at low 
stresses. For these cases, this law can be 
extended to 


1 sed 
D =— (2) See Fig.9. 
n 


It is not possible to say exactly what 





the meaning of the constant is, in a t 
physical sense; obviously Sepa Dirasce” wir), 2 Lev eurah visas Naaid 
the capacity of the particles to be de- Bikes 

1 


or) orientated *. With the 
‘aaa oe = ] holds i Fig. 9. Rate of shear strain D as 
oe choice of #, the law holds in a function of stress t for a non- 
quite a number of cases. Newtonian DF coerce as 
‘ : iquid, 
It is a different matter when a liquid or q | 
semi-liquid consists of a dispersion of largish particles ina liquid, with the 


* For the influence of the concentration on the viscosity of solutions containing large 
molecules, see ?. 
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particles touching one another and requiring a certain stressing force before 
sliding begins between the solid particles *. Quite possibly, the deforma- 
tion of such a plastic mass, after this first limiting stress has been over- 
come, is governed by the viscous resistance to deformations, exerted by 
the liquid between the particles. Newron’s law can be applied in these 


cases, if the limiting stress f, necessary to 
overcome the “dry” resistance between the 
solid particles, is subtracted from the totai 
deforming stress t. This is BrncHam’s law: 


D 


| 


os 
D =~ (3) See Fig. 10. 
” 


It holds true, or almost so, for suspen- 
sions like certain clays in water and certain 


paints. t —-T 
A combination of “dry friction” and “de- robe plastic ae 
2 . > ° . ingham soli 
formation of particles” occurs in many plastic pe i 


mixes and can often be represented by DE 


WAELE—BINGHAM’S law: 





Fig. 10. Rate of shear strain 
D as a function of stress T 


ee (tf) (4) See Fig. 11. for an idealized plastic solid 
| 


(BINGHAM solid). 


As there are two constants in this formula, by proper choice it will be 


1 





f 


quasi-plastic material 
pitt)? 


Fig. 11. Rate of shear strain 
D as a function of stress t 
for a quasi-plastic material. 


adaptable to many experimental results. The 
constant n seems to have a similar meaning 
as in eq. (2). The formula is useful for clas- 
sification and description of rheological types. 
In practice it is often very difficult to decide 
whether a real yield value (f) exists, or whether 
permanent deformation already occurs at the 
smallest stress applied (if one waits long 
enough). 

The fundamental rheological formulae men- 
tioned above represent the four main types 
of rheological behaviour. There are, however, 
some other rheological phenomena of great 
importance which are not so easily formulated. 
For, not only is dD/dt dependent on the 
velocity of shear (in the case of non-Newtonian 


é : : er : 
In cases of long-range forces between the particles this situation occurs, when the 
spheres of activity of these forces touch each other 4, 
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liquids), but often depends on the duration of the shear as weli.In many 
cases, this influence of the amount of shear on the resistance to further 
deformation is responsible for the remarkable effect the history of the 
sample previous to deformation has on its rheological behaviour. Such 
materials have a rheological memory. And in the second place, these 
materials often show a marked degree of “high elasticity”. 

High elasticity may be defined as the ability of a material to revert to 
its original shape in a pronounced degree after severe deformation (and 
not as the ability to stretch greatly before breaking). The possession of 
such elasticity enables it to recover (to a certain extent) after deformation. 
In most cases, this property will disappear if the material is kept in the 
deformed (e.g. stretched) condition for a long time. 

Let us now examine the structure and properties of the materials, to 
see whether they can suggest some explanation of the complicated rheolo- 
gical behaviour we have been considering. Afterwards we shall describe 
the different forms of elastic-plastic behaviour, starting from these struc- 
tures and properties. 

Elastic-plastic substances always contain particles that are elastically 
deformable, #.e., revert to their original form when the deforming stress 
ceases. These particles may be embedded in a (viscous) liquid and may 
consist of drops of a different liquid® or of deformable clusters of big 
molecules. W. KuxHwn ® describes the exact thermodynamic reasons why 
such large molecules will recover their original shape after they have been 
deformed. If we have to do, not with particles embedded in a liquid, but 
with clusters of large molecules, these large molecules, when under a 
constant sheating stress, may be able to slide along each other. This is the 
case in a melt like rubber. In both cases the particles are deformed by a 
viscous flow of material along their surface. As soon as this flow or sliding 
ceases, that is, as soon as the deforming action stops, these drops or clusters 
of molecules tend to regain their original and most probable shape. They 
do so as a result of the elastic tension, set up in the deformed drops by the 
surface tension, which tends to make them round again; or, in the big 
molecules or clusters, by their tendency to return to their original shape. 
In re-assuming their original shape, the particles, in their turn, now strain 
the viscous material in a way that impels the whole body to revert to its 
former shape. If this body is not free to regain its shape, the big, strained 
molecules or drops will find other means of regaining their normal shape, 
moving and re-shaping themselves in their viscous envelope. This pro- 
cess of losing inner stress by slow movements of very tiny particles, or 
parts of the molecules, within the strained material is called relaxation. 
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Its effect on the rheology of plastic materials is rather complicated. 

As this interpenetration of the elasticity and flow of substances in the 
plastic state is fundamental to the rheology of adhesives, we would do well 
to consider it in some detail, taking the different kinds of elasticity and 
their origin first. 

The elasticity of materials like steel and rigid stones is a matter of very 
small deformations. Here the forces applied are found within limits to be 
directly proportional to the deformation: 

ax 


Ge 

In this equation? the coefficient G is the shear modulus of rigidity of 
the material considered. This is Hooxe’s law. 

This kind of elasticity, however, though truly shown by plastics in a 
very tigid state (e.g., adhesives, which are hardened thoroughly), has very 
little in common with the elastic behaviour of concentrated solutions of 
high-molecular weight substances, of soft plastics, of bitumens, etc. 

On the theoretical side, a big difference is indicated by the fact that the 
energy exerted by an elastic deformation is stored in quite different ways 
in the two cases. In rigid substances, following HooKe’s law, the deformation 
consists in a minute displacement of the elementary units of the substance 
with respect to each other. These elements may consist of ions (in metals 
and ionic crystals), of molecules (molecular crystals) or of atoms (rigid 

lie organic materials). Their distance is 
peer changed by the deformation; they have 
a therefore moved out of their potential 
trough relatively to each other, and 

in so doing have gained a certain 

100 amount of potential energy. The source 
of the elastic tension in the material is 

5 wan) very simple: it consists in the collective 

~ gtoms or ions A — tendency of all elements of the strained 


structure to regain their normal mutual 
Fig. 12. Potential energy as a iti i i 
function of the distance of atoms. penis ours: a —< One 
Curve for Nat and Cl- ions. temperature will be a diminution of 
tension, because the increased thermal 
movement of the particles will tend to enlarge the normal distance (see 
form of potential curve, Fig. 12). 
In the case of high polymers in the elastic state, it has been proved that 
there is no increase of potential energy within the strained substance. § 
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The amount of stretching 
may be 300 to 400% be- 
fore an increase of poten- 

tial energy sets in; the 

maximum amount of stret- 

ching may be as high as 

1000% for rubber (see 

Fig. 13), against at most a 

few units per cent. in the 1000 

case of metals. Further, pra ote pare ty 
Hooke’s law does not hold 
at all: the elongation de- 
pends on the stress in a very complicated way ® and is only partly reversible 
in character. Part of the energy exerted, when rubber is considerably 
stretched, is consumed by frictional resistance in the material. But the 
perceptible evolution of heat, when a piece of vulcanised indiarubber is 
stretched quickly, has another source. When the stretched rubber is allowed 
to cool down to room temperature and is then released, it cools to below 
room temperature. This proves that it is not friction, but a mechanism 
comparable to the compression and expansion of gases which contributes 
to the evolution of heat during the deformation of a high polymer like 
rubber. Indeed, the elasticity of many high molecular weight substances 
(when stretched less than, say, 300°) may be explained rather by a kinetic 
play between parts of long chains. The elastic stress in these cases closely 
resembles gas pressure, which is known to result from the impact of many 
gas molecules in thermal motion. The elastic forces actuated in vulcanised 
and unvulcanised rubbers and polymeric plastics in the rubbery state, upon 
deformation, have an origin closely related to the chain structure of their 
molecules. This relation is not such that any mass built up of very long 
molecules must needs show great elasticity, or elastically reversible exten- 
sibility. But if such molecules show a certain mobility (which mostly occurs 
only within a certain range of temperature), they will show thermal motions 
preferentially perpendicular to their lengths (two-dimensional Brownian 
motion), because movements of atoms in the direction of main valencies 
demand more energy than those in a direction perpendicular to it. 

If such a mass of vibrating chains (or of chains of vibrating and rotating 
chain-parts of spaghetti-like molecules) shows a chaotic (or no) orientation, 
however, this two-dimensional Brownian motion will not manifest itself 
in any way, because there is no direction of preference. On deformation, 
orientation occurs in the direction of flow, but if the molecules are free to 


Force 


Fig. 13. Elongation curve of vulcanized rubber mix. 
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move, disorientation will follow again after some time (relaxation) due to 
the haphazard motions of the polymer-molecules. If, however, the chains 
are interlinked at not too many places, or if they are very much hindered 
from slipping along each other, orientation will be (semi-) permanent after 
deformation, and a two-dimensional pressure, perpendicular to the strain, 
will be set up. Since these materials can be looked upon as incompressible 
(except by crystallization, v.i.) an equal pull (negative pressure) originates 
in the direction of strain. Following this picture, one can see that the 
elastic tension in a stretched rubber is the consequence of kicks and pushes, 
originating from the thermal vibrations of chain-parts of orientated long 
molecules, these punches being distributed by every vibrating chain part 
to its neighbours. The force should therefore be proportional to the energy 
of vibration, that is, to the absolute temperature, which is exactly what 
Meyer and Ferri ® found. 

Having discussed the mechanism of high elasticity at some lenght, 
we can now proceed to consider the rheological behaviour of materials 
containing highly elastic particles. 

If such particles have restricted freedom to move past each other (it 
being irrelevant whether they are embedded in a liquid or surrounded in 
a melt by other molecules or clusters), the body as a whole will be elastic. 
After deformation it will recover its original shape. Such restricted freedom 
of movement can be established if only a few chemical bonds exist between 
different molecules in different clusters, of which vulcanisation in rubber 
provides a good example. It may also be that some long molecules extend 
from one cluster to another or that such molecules lie parallel over a 
limited part of their length, forming crystallites which also act as a bond 
between long molecules or clusters at a few points. Here raw rubber 
exemplifies the melt type; gelatine gels the embedded type *. 

The elasticity of these materials is of a peculiar kind, because both the 
deformation and recovery are viscous phenomena: the clusters glide one 
over another, dissipating energy. The recovery is never instantaneous; 
the last part of the recovery, in particular, often taking hours or even days 
(slow elasticity). 

As has been shown above, this kind of elastic stress increases with 
temperature; a stretched piece of material like rubber will increase its 
contracting stress when heated **. 

But at the same time, viscous flow increases exponentially with 
temperature. Therefore, these materials are liable to be very elastic 


* J. C. DERKSEN 1° showed crystallites to be the binding agents in such gels. 
** A heat engine on this principle was built by W. B. WreGanp ©, 
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and quick at high, and very tough and slow at lower temperatures. 

When drops, molecules or clusters are free to move in a viscous medium, 
we have a truly elastic-plastic substance. If the viscosity of the medium is 
very great (e.g. plasticised polyvinyl chloride), we find nearly the same 
behaviour as that characterising vulcanised high elastic polymers, except 
that recovery is imperfect. At low viscosity of the medium we get fluids 
which deviate from Newron’s law, at least at low rates of shear. For the 
drops, molecules or clusters will be deformed by the shear and will recover 
at the same time, the actual deformation depending on the rate of shear. 
But the effect on rheology will be different here for the melt type and the 
embedded type of elastic plastic substance. In both cases the particles will 
be stretched, but in the first case this will result in an increased resistance 
to deformation, in the second case in decreased resistance. For the stretched 
particles of molecules in a melt will present a far larger surface towards 
each other, increasing the resistance to gliding, while the stretched particles 
in a medium will be at a greater distance from each other in a direction 
perpendicular to their length. The thicker layer of liquid between those 
particles will be easier to shear. The stretching of polythene * is a good 
example of the stiffening action, the behaviour of asphalts or nitrocellulose 
solutions of the decrease of viscosity at higher rates of shear. 

In this latter case we shall find in the first place a heightened mobility 

during the beginning of deformation **. 

During this period, part of the strain consists in the (highly) elastic but 
limited deformation of the 
individual particles, the rest 
of the strain being caused 

Deformation by the real (permanent) flow 


jb or limitless deformation of 
constant 

Stress the substance between these 

particles. The very first de- 

formation will occur within 

the deformable particles; the 

——» time initial rate of shear, therefore, 

Fig. 14. Deformation of asphalts or nitro- will be rather high. On further 

cellulose solutions with constant stress. straining of the body consider- 


ed, less and less elastic deformation of those particles will take place and 


* The stiffening of polythene on stretching is, however, also a consequence of 
crystallisation which sets in after the orientation of the long paraffin molecules is 
effected by stretching. . ot 

** This increased deformation is almost the opposite of thixotropy (v.i.) and is different 
from dilatency (v.i.), because it does not lead to absolute stiffening. 
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more and more viscous straining of the substance between the particles; in 
the case of a melt, there is more and more viscous movement of these 
particles along each other. The picture of the beginning of such a defor- 
mation is as in Fig. 14. 

When the deformation ceases, the deformed particles will have the 
tendency to return quickly to their normal form and/or position. But this 
tendency and the tensions that are its expression will diminish with time, 
if the body is hindered from moving back. If such outward movement ts 
possible, it will be quick in the first moment and its rate will then decrease. 
For in the first moment, the elastically deformed particles will regain their 
normal shape, as far as. possible (because of the resistance of their environ- 
ment and neighbouring particles). For further recovery, viscous deformation 
of this environment is necessary, and this takes time. 

Another rheological property of a very distinct character occurs in such 
(mostly micro-heterogeneous) materials, showing a very loose “structure” 
of a certain kind which builds up spontaneously, if the liquid or semi- 
liquid is left undisturbed. Solutions of gelatine, or suspensions of ben- 
tonite, provide good examples of these thixofropic systems. Such systems 
show high resistance to deformation (sometimes even a yield value) if they 
are in the undisturbed state; once a certain amount of deformation takes 
place, this resistance abates. In such a case the resistance to deformation 
(or the viscosity) is not in the first place dependent on the rate of shear, 
but on the previous history. If the material contains solid particles #? (as in 
clays) *, the phenomena can be depicted as a temporary “‘sticking together” 
of these particles. When they touch each other at certain points, they stick. 
In this case, the liquid that surrounds the particles must be of such a kind 
as not to prevent direct contact between the particles; moreover, these 
have to exert mutually attractive force **. 


* Where the particles exert long-range forces through the liquid, special forms of the 
potential curves may occur, hence the surfaces of the particles will tend to come to 
test at specific distances, depending very much on the ionic content of the liquid. As 
HaAMAKER (see Houwink, /.c.) has shown, these curves may show one or two minima 
or potential troughs, systems showing these potential curves being especially likely 
to show thixotropy. Whether thixotropy as shown by organic adhesives is to be 
explained along similar lines to those suggested for its occurrence in ionic systems 


ee ionising (high dielectric constant) liquids, the present authors would not 
are say. 


** This picture is rather crude. It is known, for instance, that in aqueous surroundings? 
containing ions in a dissociating medium, the particles do not touch; they are surrounded 
by double layers. The potential curves here can be such that the surfaces approach each 
other to within a very short distance, coming to rest there in a “potential trough”’. 
This is the result of the interpenetration of the double layers of both surfaces. It results 


in a relatively rigid position of both particles with respect to each other. See Houwrnx’s 
book, mentioned above !2, 
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In other words, the particles should not be too well solvated, not be 
dressed with a firmly adhering coat of adsorbed molecules of the liquid. 

If the material contains no solid particles, but only large molecules (or 
clusters of these), the cohesion may be a local crystallisation of parts of 
several of these molecules. Here, too, a very thorough solvation may 
interfere with thixotropy. Often the phenomenon occurs only within a 
certain range of temperature. The system mostly shows a marked yield 
value; some authors even restrict the term thixotropy to systems with a 
yield value in the undisturbed state. However, this yield Value disappears 
on stirring. It does not reappear at once after the movement has ceased, 
because the particles need time to find advantageous positions in which 
they can again cohere. 

Thixotropy cannot satisfactorily be depicted in a graph, the system 
being irreversible. For systems, however, which are slow to pass from the 
disturbed to the “restful” state, one can determine stress/rate of strain 
curves at different intervals from the time of disturbance. Such curves, 
taken from the work of R6per "8, are given in Fig. 15 for a 6.2% dispersion 
of bentonite and in Fig. 16 for a Fe,O, “solution” containing 150 m mol 
KCl. Fig. 16, in particular, illustrates the building-up of the yield value. 
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Fig. 15. Speed/weight curves of 6.2% Fig. 16. Speed/weight curves of Fe,O,- 


; WE 
dispersion of bentonite as function of the “solutions” as function of the “time of 
“time of rest” R. rest” R. F 
From: H. L. R6peErR, Thesis, Amsterdam, From: H. L. R6per, Thesis, Amsterdam, 
1939. 
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The rheological changes which accompany thixotropic gelation are also 
shown by Figures 17 and 18%. 

Fig. 17 shows a set of flow curves for a special bentonite suspension 
after different setting times. In this case, the completely agitated sol behaves 
essentially like a Newtonian fluid for small stresses. The gelation results 
in a decrease in slope of the D-t curves and in the appearance of a yield 


ie et cate 
value. D is the rate of flow or rate of shear strain ere t is the shear stress. 


In Fig. 18 a three-dimensional D-r-t plot is given, where ¢ represents the 
time of setting. 





mee 


Fig. 17. Set of flow curves for a Fig. 18. Three-dimensional D-r-# plot for 

thixotropic material immediately a thixotropic material. 

after agitation and after various From: TurNER ALFREY: Mechanical 
setting times. Behaviour of High Polymers. 


From: TurNER ALFREY: Mecha- 
nical Behaviour of High Polymers. 


A third particular property, which occurs ina number of heterogeneous 
systems, is that of di/atency. In a certain sense it is the opposite of thixotropy. 
Dilatent systems are solid or highly viscous when stirred and fluid when 
undisturbed. 

The behaviour of these systems is easily understood, when one thinks 
of a stable suspension with such large or heavy particles that it almost 
coagulates. To make a suspension stable, the particles must be coated with 
something that prevents actual contact between their rigid surfaces. In 
speaking of thixotropy, we have already mentioned such coatings; thixo- 
tropic suspensions being only relatively stable, we said that their particles 
should not be too firmly coated. In watery systems this coating mostly 
consists of an ionic swarm (double layer). The particles attract to their 
surface one particular kind of ions, and because of the very considerable 
electric charge of these ions, ions of the opposite charge preferentially 


gather in the fluid at a short distance around the charged particles (charged 
by the ions they attract). : 
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These charged spheres around the particles repel each other and the 
particles therefore do not touch. These forces are highly dependent on the 
amounts and kinds of ions present; thus a situation may arise in which the 
particles can just be borne by their double layers. 

A small additional mechanical force will overcome the forces between 
the outer shells of the double layers, making them interpenetrate, and 
establish mechanical contact between the particles. The effect will be a 
stiffening of the system, which was fluid when unstressed. This behaviour 
is called dilatency. Furthermore, if the particles are present in large concen- 
trations and the system is left undisturbed, they will find their most advan- 
tageous position of close packing when shielded by their double layers. 
When stirred, however, the relative position of the particles will be disturb- 
ed. They will touch each other and, because of the great frictional resis- 
tance caused by their immediate contact, the closest packing will be lost 
and the volume in the interstices between particles will increase. The total 
volume of these interstices is quite liable to exceed the volume of the liquid 
present. In this case, a fluid system will become exceedingly dry and brittle 
as the result of stirring, and this lack of liquid will induce strong negative 
pressure, causing the particles to be drawn together by suction. Left to 
itself, the system “melts” again in a few moments and is as fluid as it was 
before. This is what one sees with drifts of sand (quicksand) and with, say, 
a mixture of potato-flour and water. The phenomena of dilatency are not of 
great importance to the rheology of adhesives, but are included in this 
superficial review of rheology because of their instructive character. 


§ 2. RHEOLOGY OF ADHESIVES BEFORE AND DURING HARDENING 


Application of an adhesive and gluing can be divided into the following 
stages: 


(1) A liquid adhesive (sometimes it is a powder which is afterwards 
converted into a liquid) is applied to a surface. 

(2) The liquid adhesive layer is converted into a viscous form. 

(3) Two surfaces are joined (tackiness). nae 

(4) The layers are converted into solids or into highly viscous liquids 
(or into the plastic or highly elastic state). 


Stage (2) of this scheme is sometimes omitted, (3) and (4) being often united 
into one stage. Sometimes stage (4) is omitted (permanently tacky adhesives). 

We shall also have to speak of several combinations of the stages, in 
which the adhesive layers are liquefied, united, solidified, etc. 


References p. 88 


46 RHEOLOGY OF ADHESIVES CH. 3 
(2) Application of (liquid) Adhesive 


As described elsewhere in this book, in most cases adhesives should form 
a very thin, but continuous layer in the joint on account of the mechanical 
and rheological properties of the hardened layers of adhesive. We shall 
revert to this point in § 3 of this Chapter, but the actualisation of these 
thin adhesive layers in the joint depends largely on the rheology of the 
adhesives before and during the hardening. 

It is not enough to apply the adhesive in a thin layer; this layer has to 
stay in place during the following stages and eventually has to resist the 
relative motion of the solid surfaces which it joins. It is always necessary 
that an adhesive should wet the surfaces which have to be bonded, otherwise 
good adhesion is out of the question. For, in the first place, a wetting 
adhesive spreads over the solid surface, thus facilitating application in a 
thin layer. Secondly, if the adhesive wets the solid, it shows that molecular 
forces of attraction are acting on the molecules of the solid surface, which 
attraction is necessary for a good adhesive joint. In order to wet a smooth 
solid surface, the liquid adhesive, when applied, must exhibit a low contact 
angle on the solid surface. The contact angle is the angle at which the 
boundary of the liquid adhesive meets the solid surface. If the attraction 
between solid and liquid is equal to, or in excess of, the cohesive forces 
of the liquid, the contact angle will be low or zero and the liquid will spread. 
If the attraction of the liquid molecules by the solid is weak and, there 
being a strong mutual attraction between the molecules of the liquid, the 
contact angle is large, no wetting occurs, but droplets of adhesive will be 
formed on the solid surface. Drop formation causes poor contact between 
solid and adhesive and a small interfacial area where the forces of attraction 
can work, resulting in a poor adhesive joint. A low surface tension of the 
liquid adhesive is one of the factors which are favourable for spreading. 
Other factors influencing wetting are the viscosity of the adhesive and the 
nature and condition of the solid surface. It is possible to modify the 
properties of the liquid-solid surface by adsorbing suitable substances on 
the solid. These “‘surface active agents”, dissolved in the liquid adhesive, 
form an adsorbed, film on the solid, which is of considerable influence on 
the wetting properties of the liquid adhesive. 

If we have not to do with a smooth surface of the adherend, but with 
a rough or porous one, wetting is still important. For, if the liquid adhesive 
enters cavities and pores of the solid surface and wets their inner walls, 
the actual area of the joined surfaces is very much increased. In so far as this 
increase of mutual surface is obtained, a limited “penetration” of the liquid 
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adhesive intoa porousadherend isto be regarded as a favourable circumstance. 
On the other hand, much experimental work has shown that excessive 
penetration should be avoided, for it may cause a broken glue line and a 
poor joint. In finding the best rheological method for the application of 
an adhesive, some understanding of the nature of adhesion has proved to 
be desirable. 

In studying the nature of adhesion, much work was done in Great 
Britain by J. W. McBarn and his co-workers, published in the three Reports 
of the Adhesive Research Committee, and in the United States by 
F. L. Browne and T. R. Truax of the Forest Products Laboratory. 

McBain distinguished between specific adhesion, caused by molecular 
attraction with smooth, dense surfaces, like polished metals or crystal 
surfaces, and mechanical adhesion, caused by mechanical grip action or inter- 
locking of the set adhesive in the surface irregularities, cavities or pores 
of a rough surface of the solid adherend, as in the case of wood, cloth, 
ceramics. 

McBain first supposed the gluing of wood to be essentially of a mechan- 
ical nature. In this mechanical conception it is assumed that the glue is 
forced into the pores of the wood surface by exterior pressure and hardens 
in the form of projections and tentacles in the pores. The strength of the 
joint is due to the resistance with which these projections oppose the action 
of a shearing force. This mechanical view of the nature of wood gluing, 
which was afterwards shown to be unlikely, led to false methods in the 
plywood fabrication process. The “heat, hurry and squeeze” method, 
resulting from this mechanical view, used a very thin fluid adhesive and 
a substantial pressure was applied at a rather high temperature. This led to 
an excessive penetration and squeezing out of the glue between the solid 
surfaces, resulting in a “starved joint” with a broken glue line. The starved 
joint proved to be a joint of inferior quality *. 

The experimental work of F. L. Browne and T. R. Truax!® made 
evident that, in the gluing of porous materials, such as wood, adhesion 
is to a high degree specific and not simply mechanical. Here, too, molecular 
forces play an important part. This was shown by mechanical tests and 
also by microscopic examination of the glue penetrated into the wood 
pores *. 

After shrinking of the glue in the pores by drying, it still adheres to the 
walls of the pores, leaving a thin layer and forming a hollow cylinder, 
sticking to the walls **. 


* See Chapter 5 A of this book by E. D. CorNwWELL. 
** See microphotographs in Chapter 5 A of this book by E. D. CornweELt. 
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So, wetting of the inner walls of the pores and specific adhesion to the 
wood ate evident. The effective area of the adherent surface is much 
increased by this behaviour of adherend and adhesive. The conclusions 
of BRowNE and Truax were as follows: . 

(1) For strong wood joints an observable, continuous, adhesive film is 

necessary ; sk 

(2) There is no correlation between strength of the joint and the amount 

or depth of penetration of glue into the vessels or luminae of the 
wood, provided sufficient glue is left in the joint to give a continuous 


film. 


of Glue Vessel filled Gap in layer 
are res with Glue pod, of Glue 
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Fig. 19. Photomicrograph of sections through wood joints showing a good 
joint (left) with a continuous glue layer and a starved joint (right) with a 
broken glue line. 

From: F. L. Browne and T. R. Truax, Ind Eng. Chem., 23 (1931) 290. 


The two pictures of Figure 19, taken from the publications of BROWNE 
and Truax, illustrate the continuous glue film, being the chief condition 
for a good joint. 

Browne and Truax investigated animal glue wood joints, but their 
general conclusions are useful for other adhesives as well, e.g. for synthetic 
resin glues. This is shown by the work of J. W. MAaxwexu !*, who deter- 
mined the types of surface, and the exterior pressures which gave the 
strongest joints in plywood manufacture with resinous glue. His results 
are a confirmation of the general ideas propounded by BRowNE and TRUAX. 
So are those of FARRow, HAMLEY and SmrrH!7, who removed the wood 
of phenolic resin glued wood joints by digestion with chromic acid, and 
studied microscopically the resin glue which was left. Their main con- 
clusion is: “In a good wood joint the wood tracheae are just wetted, leaving 
thin-walled resin tubes. The resin penetrates just below the surface as it 
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is left by the cutting tool”. From the work mentioned above it is shown 
that our main objectives in gluing are the following: 

A continuous glue line, essential for a good joint, must be obtained. The 
glue must wet the surfaces and must be brought into contact with all parts 
of the surfaces. 

Penetration, so far as it wets pores and cavities, thus increasing the 
effective surface area, is desirable, but excessive penetration and squeezing 
out of adhesive must be avoided. 

To fulfil the latter conditions, a suitable balance must be maintained 
between the pressure on the joint and the consistency of the adhesive at 
the time of pressing. 

How this is achieved is shown 


Viscosity clearly by the graph of Fig. 2018, 
The graph shows the variation of 
the viscosity of a special Aerolite 

glue and hardener mixing during 


hot pressing of plywood veneers. 

During the first phase of the gluing 

. process, the gluein the joint is heated 

and consequently the viscosity de- 

creases to point A. Meanwhile 

Fig. 20. Viscosity of special Aerolite loading of the press has begun. 

resin glue during hot pressing of From time point A the tempera- 

plywood. : 

From: Aero Research Technical ‘FE reaches a level at which the 

Notes Bulletin No. 7 (July 1943). glue begins to thicken, due to the 

action of the hardener and other 

materials of the glue. The viscosity remains almost constant for a 

while. During this time a moderate pressure is maintained. In the final 

stage, starting from B, the liquid adhesive is changed first to a gel and 

finally to a solid by polymerisation. Within this setting time the viscosity 

increases rapidly; and from point B the loading pressure can be gradually 

brought to its maximum value. After the complete setting of the glue, the 
pressure is released and the panel removed from the press. 

If the surfaces to which the glue adheres are rough, as is often the case 
with wood, a layer of glue of appreciable thickness is necessary to give a 
continuous adhesive layer. Between smooth non-porous solids, the layer of 
adhesive can and must be exceedingly thin for giving the strongest joints. 

It was necessary for us to give this rather elaborate survey of the work 

done to elucidate the importance of specific adhesion versus mechanical 
interlocking of adhesives on wood, because the technique employed for 


—— Time 
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the application of adhesives to wood depends on it. As we know that the 
interfacial forces between the sound wood surface and the glue are the 
prime factor, we have to apply the adhesive in a way that will establish 
perfect contact between the two (see the next paragraph and the chapter 
on adhesion). From our rheological point of view, we must apply it, not 
as a dough under high pressure, but in a perfectly fluid state, so that it may 
flow freely over the surface. 

The application of thin layers calls for thin fluids; on the other hand a 
viscous fluid will tend less to be sucked away into pores before the setting 
transforms it into the solid (plastic), highly viscous or highly elastic state. 
The adhesive is, therefore, often applied in solution, in the hot state or 
admixed with a powder (flour, wood meal), the latter having a tendency 
to retain the adhesive. Rheologically, a thixotropic adhesive would seem 
to be the best answer to the contradictory conditions of a fluid adhesive 
during application and a viscous adhesive during (hot) pressing, Such 
fluids are the well-known bentonite-asphaltic suspensions used in surface 
coating and as an adhesive. Hitherto thixotropic methods have apparently 
been rare in practice, and even for asphaltic emulsions thixotropy is com- 
bined with the use of a liquid (water) that dries out after the adhesive has 
been applied. Thixotropy does, however, play a part in the production of 
special adhesive compositions used in fibreboard manufacture. Superior 
rheological properties of these adhesive compositions are characterised by 
a yield point value and a “‘thixotropic ratio”. See p. 71. 

Animal glue (see Chapter 5A by E. D. CorNWELL) is a very good example 
of an adhesive which, applied as a fluid, afterwards spontaneously becomes 
highly viscous or even solid; these glues are always applied as hot solutions, 
gelating by virtue of the colloidal properties of gelatine and animal glue. 
Gelation sets in a short time after the glue has cooled down to room 
temperature, forming a sticky semi-solid with a pronounced yield value. 
Afterwards this gel dries out; in this case the drying-out is not the trans- 
formation of the applied adhesive layer from the liquid to the highly viscous 
form, but the setting of the adhesive layer. Thixotropy comes into play 
in the first part of the process: gelatine and glue solutions, within a certain 
range of concentration, when cooled to temperatures well under their 
gelation point, show thixotropy very clearly. 

The gelation of gelatine solutions is in itself a very complicated process. 
This is shown by the following data 19; 

Hot gelatine solutions of 2, 1}, 1 and 3% were divided into two parts 
each, one part kept at 20° C, the other part at 2° C for 14 days. In Table 8 
the occurrence of gelation is marked by +: 


References p. 88 


2 APPLICATION OF (LIQUID) ADHESIVE 51 


TABLE 8 


GELATION OF GELATINE SOLUTIONS 











eke Days at 20° Days at 2° 

eee eo 7) 8 14 | 1°23 4.5 6° 7 8c y4 
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The reason of this behaviour lies in the fact that the gelation is caused 
by some sort of crystallisation in the gelatine. The rate of this crystallisation 
is very low at low temperatures. But the use of glue could only be classed 
among the thixotropic methods if the gelated solution, being stirred at 
room temperature (till it was fluid) and then being applied, the gluing 
process were effected after this applied fluid had gelated again. As in 
reality the change of temperature is of prime importance, thixotropy plays 
only an accessory part. 

This complicated rheological behaviour of “glue” accounts for its 
usefulness in carpentry and furniture joining. Thanks to the sudden con- 
version from the liquid to the sticky, plastic state, the pieces can be placed 
in the right relative position, with a fluid layer in between; after a very 
short time, the glue will have cooled and the pieces will stick together. 
Simple viscous solutions never behave like this, a prolonged period being 
required before the liquid reaches the sticky state by a process of evapor- 
ation or diffusion of the solvent or by a chemical process. No gelating 
plastic adhesive is known to the present writers, but any such would 
probably find widespread application. * 

It depends upon this same conversion period from the liquid to the 
highly viscous state, whether an adhesive is called “long” or “short”. 

These remarks, however, refer to a stage beyond the actual application 
of the glue and we shall revert to them as well as to the question of tackiness 
when dealing with the joining together of the surfaces to which an adhesive 
has been applied. 

Some adhesives are not applied in the fluid state, but, ¢.g., as a powder 
or as a solid film. Of course, in these cases, the application involves no 
rheological problems. 


* Organosols like those of cellulose acetate-butyrate, behave somewhat if, tits. 
mh FS ith « 60 SA 
AN x —~ 
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(b) Conversion of a liquid Adhesive into a Highly Viscous Form 


The drying out of a dissolved adhesive is not a very simple process. If a 
viscous lacquer solution or a dissolved adhesive is spread out over a plane 
surface without any loss of solvent * and if the loss of weight is then recorded 
during the evaporation of the solvent, the result is in accordance with the 
well-known evaporation rates of solvents. The rate of evaporation of 
solvents from the solutions, as compared with that of pure solvent, how- 
ever, is found to be decreased in different degrees by the specific retaining 
power of the body dissolved. If, however, a small percentage of a solvent 
of lower vapour tension is present, the whole evaporation curve drops to 
a considerable extent. This decrease in rate of evaporation starts almost 
from the beginning of the drying process, due to the fact that the solvent 
diffuses through the layer of viscous material and partly evaporates at the 
surface. The solvent remaining at this surface will gradually become 
enriched by the high-boiling component. This process goes on until the 
evaporation rate is almost as low as that of the high-boiling component. 
In evaporation experiments with solvents and solvent mixtures without 
a solute, this effect is not found, because the upper layer, where the slowly 
evaporating solvent tends to be concentrated, continuously sinks back 
into the liquid. 

Adhesives of the air-drying type often contain plasticizers which will 
act in the same way as high-boiling solvents. Presumably such plasticizers 
are brought to, and concentrated in, the surface during the evaporation. ** 
A second effect, the retention of solvent by high polymers, is often very 
stubborn. Chlorinated rubber, for example, often contains 10% or more 
of carbon tetrachloride; even if the material is in a finely divided state, 
this solvent cannot be eliminated at 100° C in an oven. The only way is by 
dissolving and precipitating from this solution by means of a non-solvent. 
The rheology of adhesives is radically influenced by solvents thus retained. 
They act as a very effective plasticizer (because of their small molecules 
and low viscosity *°), 

In highly elastic adhesives, this plasticizing will induce enhanced elastic 
deformability or even a lowered yield value and, therefore, a plastic deform 
ation. If the adhesive is normally in the highly viscous state, a retained 
solvent will lower the viscosity. These actions, however, are not permanent, 
because the solvents eventually evaporate or diffuse. A joint that seems 


* One of the present authors performed this in an atmosphere saturated with vapour 
of the same solvent. 


** o j + j r ; 
The present authors do not know of any experimental confirmation of this effect. 
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strong and flexible shortly after it has been made, may become brittle and 
unreliable in this way. 

Of great importance in this respect is the question whether the solvent 
is able to diffuse through the bodies that are to be joined. In joining poly- 
vinyl chloride (p.v.c.), a solution of chlorinated polyvinyl chloride (German: 
“Nachchloriertes Polyvinylchlorid’’) is often used as an adhesive. This 
product dissolves in many solvents, whereas polyvinyl chloride itself is 
only soluble in special solvents like methylene chloride, cyclohexanone, 
methyl cyclohexanone. If p.v.c. parts are to be joined, however, the solvents 
for the chlorinated adhesive should contain a considerable amount of one 
of these solvents for p.v.c., otherwise the solvent retained by the adhesive 
will not diffuse through the p.v.c. *. 

We have here confined ourselves to the rheological aspects of solvents 
in adhesive layers; but, apart from rheology, the presence of these solvents 
undoubtedly affects the degree of adhesion between adhesive and surface. 
We must now briefly consider this aspect, not only so that we may realize 
that it is fundamentally a matter of adhesion and not of rheology, but also 
to show that, in our view, micro-rheology is nevertheless involved in 
a certain sense. When a solution of some high molecular weight substance 
is applied to a surface, this surface will be wetted. By what? We think: 
essentially by the solvent **. 


TABLE 9 


LACQUERS OF DIFFERENT CONCENTRATION IN A SOLVENT MIXTURE OF 
PETROLEUM AND TURPENTINE (6 units vol. to 1 unit vol.) 











(drying oil + resin) 





86 32.4 
65 29.0 
48 27.7 
38 26.7 

0 25.6 


Percentage of lacquer substance Suichine tenant donee 
| 





Note: The surface tensions of the 86% and 65% lacquers, as measured, will be 
somewhat too high. The lacquers in these cases form a highly viscous mass, which 
is the cause of uncertainties in the measurements. 


* An adhesive used for this purpose by I. G. Farben is, for instance, chlorinated polyvinyl 
chloride 12%, acetone 5—10%, trichloroethanol 50%, remainder methylene chloride. 


** This view is also strengthened by the fact that the surface tension of lacquers is 
in practice the same as that of the solvents used (see Tables 9 and 10). 
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TABLE 10 


SURFACE TENSION OF VARIOUS SOLVENTS AND LACQUERS MADE WITH THEM 
Leese nnn 


Surface tension Surface tension 


0 
Surface tension of ak /o oo ie of 47 % lacquer 
Name of solvent of pure solvent sepetorcrs substance in 
10 % solvent + 53 % solvent 
43 % petroleum 
| 
Butanol 24.4 26.8 | 
Cyclohexanol 34.4 213 33.0 
Butylglycol 28.2 275 29.2 
Ethyl glycol acetate 29.8 27.0 At PE | 
Cyclohexyl acetate a Zi. 31.6 
Cyclohexanone 34.7 218 33.7 
Dioxane 33.5 27.4 31.6 
Turpentine-petroleum 26.6 y-9 fie 21.2 


(mixture 1: 6) 


The fourth column of this table shows that a lacquer with 47 % lacquer substance and 
53 % solvent has a surface tension which is virtually the same as that of the solvent alone. 

Only if very strong attraction between the surface and the molecules 
of the adhesive exists (for instance, between certain isocyanates and textiles *) 
can strong adsorption of the large molecules from the solution on the 
surface be expected. Even so, however, the dissolved molecules will not 
take up those positions relative to the solid surface which would guarantee 
the most perfect bond between adhesive and surface. Solvent molecules 
will lie at many places between the adhesive molecules and the surface. 
The adhesive molecules will not turn their most active points towards the 
surface, because these points (dipoles, for instance) will probably be prefe- 
rentially occupied by solvent molecules. When the solvent afterwards 
diffuses away and evaporates, viscosity in the adhesive will rise and the 
micro-rheological act of the turning of the adhesive molecules with their 
active groups towards the solid surfacé will become less and less probable. 
As the last solvent molecules disappear (by diffusion) from between the 
adhesive and the solid wall, open spaces will be formed and no great 
adhesion can be expected. Only when the temperature is raised to a point 
at which free movement of the adhesive molecules begins, will there be 


improved adhesion. This is why air-drying lacquers always show a much 
lower adhesion than baked lacquers **. 


* The Germans used “Desmodur R”, a product of tris(p-aminophenyl)methane and 
phosgene, to bond rubber to textile-cord 21, 

** This need for reaching a temperature at which free movement of the molecules 
is possible is very pronounced with lacquers of the vinyl chloride vinyl acetate co-polymer 
type; here, it is absolutely essential to raise coats of lacquer applied to metals to 160° C 
in order to establish adequate adhesion 22, 
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Evaporation of solvent is by no means the only way by which the applied 
adhesive is converted into a more solid state. Often (solder, asphaltic 
bitumens, sealing wax) a molten substance is applied and congeals. The 
peculiar behaviour of protein glues has already been mentioned. 


(c) Joining the Parts 


The joining of the parts after the adhesive has been applied and begins 
to congeal introduces the question of tackiness. Tackiness is commonly 
considered to be a rheological phenomenon. The term “‘tackiness” as used 
in different fields of industrial application carries different implications. In 
adhesive work tackiness is a pressure-sensitive adhesion and the cause of 
the resistance opposed to forces intended to separate two solids joined by 
an adhesive in the fluid state. The separating forces may pull in a sense 
normal to the adhesive layer, but tangential forces causing a shear of the 
fluid layer have also to be considered. 

It is very difficult to define tackiness accurately. The whole phenomenon 
is not yet fully understood, nor is it known by what physical properties 
it is caused. Tackiness or stickiness is a complex property, a combination 
of anumber of different simpler properties. Some of the contributive causes 
of tackiness are adhesion, cohesion, surface tension, viscosity, yield value. 
Tackiness is not a sum of these; the relationship is more complicated. 

The tackiness of a material is often judged subjectively by a finger test 
in which the finger is placed on the tacky material, firmly pressed into it, 
and then abruptly lifted. If the material is tacky, the withdrawal of the 
finger will be impeded by forces within the tacky material acting in an 
opposite direction. We feel that the lifting of the finger requires appreciable 
exertion and even more to detach it from the material. If the tacky material 
adheres to the finger sufficiently, a film of it is left on the finger after 
its withdrawal. Here the work done was necessary to split the adhesive 
material, but the pulling forces are not always powerful enough to detach it. 
The opposing forces, resisting the flow or shear of the liquid adhesive, 
have then sufficient strength to hinder substantial relative movements of 
the joined parts. In many cases the tacky adhesive, first being in the liquid 
or soft plastic state, later solidifies and the joint is able to withstand fairly 
high loads. 

Tackiness as a property of adhesive material is indispensable in various 
industrial applications as well as in everyday life. Thus instantaneous 
adhesion is required of adhesives used in the paper-converting industries 
making paper cartons, packing material (gummed tape), corrugated fibre 
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board, etc. What should we do if the adhesive gum of postage ees and 
envelopes did not stick instantaneously to paper, owing to tackiness: 

In boot and shoe manufacture tacky adhesives are necessary to maintain 
rate of production. We make use of the tackiness of natural unvulcanized 
rubber in repairing rubber tubes, using a rubber cement. This cement is 
a solution of unvulcanized rubber in a volatile solvent, mostly benzene. 
A thin layer of the rubber solution applied to the cleaned tube and to the 
patch leaves a thin, very tacky rubber film after evaporation of the solvent. 
In fixing the patch to the tube, a slight pressure is sufficient to join the rubber 
films and the join proves to be very durable. In World War II the lack of 
tackiness of synthetic GR-S-rubber caused a great deal of trouble and made 
it clear that the tackiness of natural rubber as used before was one of its 
most useful features, especially in building up tyres previous to vul- 
canization. 

Many adhesives show tackiness as long as they are in a mobile, e.g. 
liquid, state and eventually, when they have solidified, lose their tack and 
give a rigid join. Some of them, however, remain in their original fluid 
state, in which case they are said to be “permanently tacky”. Examples of 
this type are adhesive tape and surgery plaster. The advantage of these 
special types of adhesive is that they may be detached and removed without 
much trouble at any time. 

We have stated before that the definition of tack is very confused. Even 
the conception of tack is not the same in the various branches of industry 
and it differs with the substances used. The tackiness required for adhesives 
is something different from that required in printing ink and the tackiness 
necessary in the rubber industry is not synonymous with the stickiness of 
adhesives, nor with the tack of printing ink. 

Let us consider in detail the particular requirements for tackiness in 
those special cases, for an understanding of them will be very instructive. 

What is called tackiness in the rubber industry is a property demonstrated 
to a high degree by natural unvulcanized rubber. Tackiness in this respect 
means that natural rubber does not stick to other materials, it is a non- 
adhesive, but it sticks to itself under slight pressure. ZHUKOV and 
THALMUD *8 call this property, which is typical of unvulcanized natural 
rubber, “autohesion”. A property of GR-S-rubber and of reclaimed natural 
tubber is that it is a non-adhesive and has a total lack of autohesion as 
well. And precisely this lack of autohesive properties caused the trouble 
in the manufacture of rubber tyres from GR-S in the United States during 
the last war. In making tyres or other articles, several layers of rubber and 
layers of rubber-coated fabric or some other reinforcement coated with 
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rubber are applied. It is essential for the ultimate quality of the article that 
these rubber layers should stick together and unite, before the whole is 
vulcanized by heat and pressure. Much work was done to improve the 
tackiness and to give autohesion to GR-S rubber. The addition of extremely 
tacky materials, such as polyvinyl ethers, did not produce the desired 
effect. The addition of rosin had a peculiar effect, viz., the GR-S rubber 
grew sticky, it showed adhesiveness to other materials, but did not stick 
to itself; it was not autohesive. As, after the war, the United States acquired 
the tackifier Koresin, developed in Germany to be used for synthetic Buna 
rubber *4, it was tried out as an improver of the tackiness of GR-S and 
proved to be a great success. Upon the addition of Koresin in proper 
quantities, the autohesive tackiness of GR-S approaches that of natural 
rubber. 

J. R. Scorr *5, in discussing autohesion, distinguishes two phases in the 
joining of two tacky rubber surfaces. His views are the following: The first 
phase is getting the two surfaces into complete and intimate contact. Before a 
good bond may be effected, the surfaces must be levelled by local flow of the 
material in order that they can make contact over the whole area. So a material 
must flow readily under small stresses if it is to possess “‘tack”’ as the rubber 
technologist understands theterm. This isjust the opposite ofthe requirements 
desired for a good adhesive betweentwo adherends.Forindeed, precisely those 
factors (yield value and high effective viscosity) which increase in this case 
resistance to separation and help adhesion, would resist the flattening of 
surfaces, which is necessary for autohesion. This agrees with the observation 
that GR-S flows much less readily than natural rubber under small stresses. 

The second phase is mutual fusion of the surface layers. This, for rubber- 
like polymers, involves an interpenetration of the chain molecules composing 
the two surface layers; in the ideal case these become so thoroughly inter- 
locked that there is no discontinuity in molecular structure at the junction 
plane, i.e. the bond is as strong as the mass. This implies rapid self-diffusion 
or ability of the molecules to slip readily past one another. This is closely 
related to, but not necessarily identical with, the easy flow under small 
stresses needed for the first phase. 

Secondly, let us see what the printer means by tackiness. Printing ink 
is mostly a suspension of a coloured or black pigment in an oil-based or 
resinous binder or vehicle. Alternatively, solutions of resinous binders in 
organic solvents, coloured by aniline dyes, are used. The viscosity of these 
inks may be of the order of a few hundred poises. They behave like adhesives. 
It is interesting, therefore, to consider what happens with the thin layer of 
printing ink trapped between type face and paper during the printing proces. 
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Here “tack” is the resistance put up when the type is separated from the 
paper after the print impression, resulting in a thin layer of ink being left 
on the paper and on the type. Tack of printing ink is caused by the forces 
resisting the splitting of the ink layer. 

It is obvious that the tack of printing ink must be properly adjusted. When 
the ink is too tacky, “picking” occurs and the paper is damaged because 
some of its surface is pulled off. 

If we try to discover how the splitting of the ink layer occurs, we may 
follow the views of H. GREEN ?8, He says it is not likely that ink splitting 
will take place abruptly, for then the forces necessary to break the film 
against its cohesive forces (tensile strength) would be extremely large. It is 
more likely that the ink will follow the path of least resistence, will flow 
and “neck down” to thin threads, which are finally ruptured by relatively 
weak forces. So the tack of printing ink is a pull resistance, which is maxi- 
mum at the start of the separating motion and is much less at the point of 
rupture. Pull resistance is caused by the flow-resisting properties of the ink, 
yield value and viscosity, influenced to a certain extent by the surface 
tension. The relative importance of these three properties can be determined 
only by experiment. Cohesion of the ink seems to be of negligible import- 
ance, as at the moment of rupture only thin threads, with a small transverse 
section, are broken, and the work done against the forces of cohesion is 
very small. 

GREEN’s explanation of the 
splitting phenomena: viscous 
flow and necking down into 
threads, will hold for a fairly 
slow or moderately fast sepa- 
ration of the liquid film. How- 
ever, when the separation is 
very quick, the liquid film may 
be split by rupture in the pat- 
tern of asolid(see Fig.21). This 
splitting by rupture is pro- 
moted by a high viscosity of 
the liquid, a high rate of 
separation, and a very thin 
film. The last factor is empha- 
sized by J. Brcx 27, who Fig. 21. Rupture pattern of adhesive film at very 





pidimadshaesecatal: ee fast separation without laminar flow. 
mite very thin layers From: Aero Research Technical Notes Bulletin 
of ink will rupture rather than No, 24 (Dec. 1944). 
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neck down, and that films of less than 10 microns’ thickness behave 
differently from thicker ones. H. GREEN 2 does not agree with BEcK in 
this respect and says that there is neither theoretical reason, nor experi- 
mental proof that layers of printing ink, applied ina film thickness of 2 to 6 
microns, should behave in any abnormal manner, differently from films of 25 to 
250 microns or more. Only if the film becomes extremely thin, say 
several molecules thick, GREEN expects abnormal flow behaviour, resulting 
in high flow resistance and then rupture of the film. 

GREEN’s views on the behaviour of very thin films are contradicted and 
BECK’s experimental results are explained by F. A. Askew 28. The latter 
emphasizes the great importance of the time factor in the printing process 
and has the following suggestion: “The essential difference between the 
two aspects of printing ink tack: viscous flow, followed by necking down, 
on one side, and abrupt rupture, on the other side, depends on the time 
factor and is in some respects analogous to the difference between a force 
and a blow. 

The concept of tack in the printing process includes essentially the rapid 
Separation of two surfaces, both of them wetted by a fluid. This separation 
may take place by the rotation of rollers, or by finger-dabbing, but the 
times involved are small fractions of a second. If the fluid film separating 
the two surfaces is very thin, the gap available for the flow of fluid is at 
first very small, and a considerable force is necessary to overcome the 
viscous resistance. This view is in accordance with experience in the finger- 
dabbing test on these materials, which is that thin films of the same fluid 
appear more tacky than thick films. The faster the separation takes place, the 
greater the force necessary, and a stage will be reached at which the work 
required to be done in transferring the liquid against viscous forces would 
be greater than the work required to form two fresh air-fluid interfaces 
(work of cohesion).” 

It can be calculated that for films of the order of 0.01 cm thickness and 
a fluid having a Newtonian viscosity of 100 poises, the film will split, if 
the separation is carried out in a time shorter than 1 second, and will be 
drawn up into a thread if the time is longer. 

Definite indications for the existence of ink film rupture in newspaper 
printing practice are reported by A. Vorr **. The speed of separation here 
is so high, that the ink behaves purely elastically. 

Finally we shall consider a tacky adhesive, for instance a liquid, between 
two solid adherent surfaces. First, there must be wetting of the solids by 
the liquid and adhesion between solids and adhesive. Normally, the fluid 
adhesive between the solids, though thin, will have a finite thickness and 
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the distance between the two solids will not be such as to induce mutual 
attraction between molecules of the two solids or even effect contact. Nor 
is it likely that adhesive forces will act through the adhesive film; rather 
will they work only at the interface between adhesive and solid. It is not 
likely that molecular attraction of the solids will reach beyond a mono- 
molecular layer of the liquid adhesive. So the strength of the adhesive 
joint is determined in the first place by the behaviour of the adhesive. The 
tackiness of the adhesive will resist relative movements of the adherends, 
both in normal and tangential directions, if these movements are not too 
slow. In doing so, the tacky liquid fulfils the function required of an adhesive 
in general. If a separating force that is not too strong is applied to the ad- 
herends, and the time of application is not unduly short, no rupture will take 
place, but the liquid adhesive will show resistance to flow as well as to shear 
and to deformation, all of which counteract and balance the separating 
forces. 

In practice the adhesives used are non-Newtonian and differ in rheo- 
logical properties from Newtonian liquids, e.g. they have a yield value, are 
thixotropic, or are plastic-elastic. As there is no fundamental difference 
between a fluid tacky adhesive and a printing-ink, all that has been said 
about the rheology of printing-inks is applicable to adhesives, so long as 
the latter are in the fluid state. As we have seen, the time during which a 
pulling load, trying to separate a fluid adhesive between two solid adherends, 


genes. © 1600 is acting, isa very 
Shae wk: important factor. 
[Mind a Sois the thickness 


of the adhesive 
film, and in fact 
oe thin films of the 
80 same fluid show 
greater tackiness 
than thick ones. 
Keeping these 
facts in mind, we 
are able to under- 
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Fig. 22. Effective work of adhesion as a function of stripping effectiv © work of 
time of surgery plasters. adhesion as a 
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Fig. 23. Applied load plotted against rate of removal of pressure- 
sensitive adhesive tapes from a glass surface. 
Curve 1 for natural rubber, Curve 2 for G.R.-S, Curves 3 and 4 
for other synthetic elastomers. 


function of the speed of detachment of an adhesive surgery plaster 
from a stainless steel plate. The chief consituents of the adhesive mixture, 
which was rolled on a substrate of woven fabric or a film material, 
were: masticated rubber, rosin, lanolin and zinc oxide. The effective 
work of adhesion varies with the speed at which the stripping of the 
tape is carried out, and this speed can be varied by taking other weights 
in stripping. So the effective work of adhesion can be plotted against the 
stripping time. A typical curve is shown in Fig. 22. These curves are very sensi- 
tive to the temperature at which the stripping is carried out. The curve in Fig. 
22. shows that for relatively short times of stripping the effective work of 
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adhesion is very sensitive to variations of the stripping time. On the other 
hand, for relatively long times of stripping, the effective work of adhesion 
is not greatly dependent on the stripping time. The curve also shows that 
the measured values of the work of adhesion, varying between 10° and 
3 x 105 ergs per cm’, are very high. 

Other experimental results with adhesive tapes are reported by W. F. 
Busse, J. M. Lampert, R. B. VERDERY*, v 10 measured the relation between 


Force in ounces 
ales ee 





Rate of removal in 
centimeters per min 


Fig. 24. Adhesion of “Scotch” brand transparent tape to (1) 

cellulose acetate, (2) cellophane, and (3) glassine, after one week 

of contact. Stripping angle 90°, temperature 25° C, relative 
humidity 50.95; 


the applied load and the rate of removal of pressure-sensitive adhesive 
tapes from a glass surface at different temperatures. Typical results are given 
in Fig. 23. Curve No. 1 is for natural rubber, No. 2 for G.R.-S, Nos. 3 and 
4 are for two other synthetic elastomers. The data illustrate the behaviour 
of the particular tapes rather than fundamental properties of the elastomers. 
The importance of the time factor in detaching tacky adhesives is also 
shown by Fig. 24, taken from the work of J. O. HeNpricks, G. F. LINDNER 
and F. J. WEHMER 22, 

The curves give the adhesive force (in ounces per half inch width) 
plotted against the rate of removal (in centimetres per minute) for “Scotch” 
brand transparent adhesive tape on several adherent surfaces. Curve 1 shows 
the adhesion to cellulose acetate, 2 to cellophane and 3 to glassine after 
one week of contact. 
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These curves show that the rate of removal has a marked influence on the 
values of the separating force and that the change with rate of removal is 
different for different adherent surfaces. At low rates of removal, cellulose 
acetate and glassine are nearly equal. At higher rates of removal, the value 
on cellulose acetate increases rapidly, while the value on glassine increases 
but little. At low rates cellophane has a very low value, but it increases 
rapidly to quite a high value33, 

The question may arise whether an adhesive must be “long” or “‘short”’. 
In practice the “length” of an adhesive is estimated by taking some of it 
between index and thumb and drawing threads. If an “initial” tack is 
desired, a “short” adhesive must be taken. The plasticity diagram of such 
“short” substances shows a pronounced yield value at moderate shearing 
stresses and a low viscosity. If a join is established with such an adhesive 
having a yield value, deformation of the joint is immediately prevented 
by the adhesive layer. The “long” adhesives, without any yield value, but 
with a high viscosity, have the property of forming long threads. It is said 
that “long” adhesives have a higher adhesive strength than “short” ones. The 
yield value of “short” adhesives impedes excessive penetration into porous 
substances. This may be the cause of the higher adhesive strengths claimed 
for “long” adhesives, a moderate penetration being advantageous to 
obtain a strong joint. Secondly, high viscosity of “long” adhesives promotes 
adhesive strength. 

The “stringiness” of adhesives, i.e, the property of adhesives which 
permits of their being drawn out into long threads, may be due toastretch- 
ing or an orientation of long-chain molecules. 


(d) Theoretical Deductions respecting Tackiness 


The earliest work published on tackiness is that of J. STEFAN *4, who 
measured the forces necessary to separate two solid discs, immersed in a 
liquid, at a given rate. STEFAN used flat circular glass discs, immersed in 
various Newtonian liquids. The rate of separation was such that laminar 
flow of the fluid took place. The glass plates had an initial distance or 
separation 4, and were pulled apart till the separation was /,, by a force F. 
With a viscosity 7 of the fluid used, the time ¢, required to separate the plates, 


is given by the equation: 





3a 1 1 ; 
ear Tay he © 
where R is the radius of the glass plates. 


1 
If 4, > 4,, the expression =: = ae may be replaced by 
1 2 
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where D = /, is the initial distance of the plates. 


> 
In this case, equation (1) is transformed to: 
32 R4 


t= pe 2) See Fig. 25. 





O. Reynoips 35 made experiments, using two elliptical plates totally 
immersed in liquid, and arrived at equations which 
are fundamentally the same as STEFAN’S. 

The mathematical derivation, which is rather 
difficult and elaborate in STEFAN’s and REYNOLD’s 
papers, is given with commendable clarity by 
J. J. BrxerMan *, 





tid of Viscosity 9 STEFAN’s measurements were not in agreement 
JS with his theoretically derived equations. But if a 
ee mnR® correction is made of d= 0,0015 cm added to the 


~ 4F DF sas 
D measured (initial separation), a far better agree- 
Fig. 25. Experiment and 


Eeriada by! Ve Steere is obtained. The correction d must be added, 
with Newtonian liquids as the effective initial separation was always slightly 

Petsyent glass platce. greater than the D measured, because of the rough- 
ness of the glass discs. J. Dow %’, taking this correction into account and re- 
calculating StEFAN’s data. showed that a linear relation is obtained between 
4 F(D + dPand3an R’. 







The graph of these results 1000 acer 
is represented in Fig. 26, 4gwt (D+d)2 

where 3 x 7 R4 is plotted 800 

against 4 wt (D + d)®; 


being the applied weight chy 

in grams, soforce F = gy. 
STEFAN’S equation may 

be written differently 38 


d= .0015 
Fi = 34 RE 
4 D2 
The formula holds only for the first, bo OGG Seo 
but very important, stage of separa- STARS 
ting, where motion is so slow that Fig. 26. Graph of J. STEFAN’s results with 
laminar flow takes place in the adhe- cag AE ce 


sive. The most probable next stage in separating the plates is a “necking 
>> : > 

down” of the fluid, forming one or more threads, which are ultimately broken, 

The other limitation in the application of STEFAN’s equation is that the 
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liquid is Newtonian, which means that the viscosity of the liquid is assumed 
to be independent of the velocity gradient, which is produced in the fluid. 
In spite of these limitations, some very interesting deductions can be made 
from the above equation: 

(1) The force required to separate two solid plates between which there 

is a liquid layer is inversely proportional to the duration of its action. 
In other words separation requires an impulse F¥ of a value given 
by the right-hand side of the equation. Thus the resistance to sepa- 
ration depends on the rate of separation and we cannot speak of 
one definite force opposing the breaking of the join. — 

(2) The product F¢ is directly proportional to the viscosity » of the 

liquid. 

(3) The product F¢# is inversely proportional to the square of the thick- 

ness D of the fluid layer. 

(4) The “‘tackiness” of a Newtonian liquid is determined solely by its 

viscosity. 

As F is inversely proportional to ¢, it is obvious that if ¢ is very small, 
for instance when the joint is broken by a sudden pull, the force / may 
become greater than the tensile strength of the solids joined, and the 
adherends are ruptured and not the adhesive layer. This is shown in pulling 
off a freshly applied postage stamp from an envelope. A slow movement 
separates the adhesive, but a sudden movement tears the paper of either 
the stamp or the envelope. The “picking” or “plucking” of the paper 
by too tacky a printing-ink at high-speed pressing is another example. 

If the viscosity 7 of the fluid is very high, for instance if we are dealing 
with natural asphalts, and if we take a very thin layer, the value of F¢ 
becomes very large. A numerical example is given by J. J. BrkERMAN **. 


If we take 7 = 108 g cm" sec’ and ? 7R4 = 10 cm4, an F¢ value of 
results. 

This means that an asphalt layer of 10 cm thick between two discs of 
1.4 cm radius should resist a pull of 10!7 dynes for 1 second, and that of 
101° dynes (corresponding to about 1600 kg/cm?) for nearly 3 months. 
Actually the asphalt layer will break immediately under a much smaller load. 
It will rupture, not flow to any measurable extent, and for its rupture not 
SrEFAN’s equations, but the laws of strength of material will hold. In this 
case rupture will begin in a weak spot, along one or more flaws, which are 
always present in such materials as asphalt. A microscopic flaw will grow 


very fast to a real ruptured surface. . 
In STEFAN’s formula the plates are assumed to be totally immersed in 
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the liquid. However, if we have a drop of Newtonian liquid of a volume V 
between two parallel plates and measure the time necessary to separate 
them, we get the expression: 
3nV3 
ee =a (See Fig. 27). 
Here 7, is the viscosity of the liquid, V the volume of the liquid, / the 
pulling force, D the initial separation of the plates. This formula is 
derived from a formula given by HEALEY * who 
Sp pellets F gave the time ¢ necessary to compress a drop 
and Volume r—| of Newtonian fluid from an initial separation 4, 
to a separation 4, of the plan parallel plates. 
In the above formula it is assumed that the 
liquid initially fills the whole space between the 
two plates, so V = a R?D if R is the radius 





3nV? 
——SxFD! of the plates. 


If we compare HEALEyY’s equation with STEFAN’s, 
riment. and formula. it appears that the times differ only by a factor 4, 


Fig. 27. HEALEy’s expe- 


Drop Sg ae ae ey that is: ¢ HEALEY = 4¢ STEFAN. 
cosit anda volume - “ ° 
reich ia flat plates. If we have a drop of non-Newtonian fluid be- 


tween two parallel plates, account must be 
taken of the variation of viscosity with the rate of shear. If the 
rate of shear dv/dy of the liquid is related to the shear stress t by an equation 


d 
of the form 7 Y(t —f)”", where fis the yield value and ¥ is the mobility 
ty 


of the fluid “4, we may employ the analysis of J. R. Scorr #2, and come to 
the following expression for adhesives with a yield point (¢.¢., f is finite) 
and a value of # = 1: 


F’; is the limiting force, beyond which no separation will take place, V is 
the volume of the drop, D the thickness of the adhesive layer. 

In all of the above considerations, surface tension is neglected. Surface 
tension effects become appreciable with thin layers of adhesive. If both 
plates are wetted by the adhesive, there will be a force of attraction acting 
normally to the surfaces, given by the equation: 


IVE 
Fr, =, 





where V’ is the volume of the drop, T the surface tension between liquid 
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and air, and D the distance between the plates. 4. It follows from this 
equation that, unless the applied load is greater than Fy, no separation will 
take place, though sliding motion may occur (which in practice is even 
more objectionable). F7 is inversely proportional to the square of the 
thickness of the layer and decreases rapidly with increasing D. From the 
above considerations it follows also that resistance to motion due to surface 
tension forces is not only a function of the properties of the adhesive, but 
also of the nature of the adherend surfaces, since these too will determine 
the angle of contact between adhesive and adherend surfaces} 

In the above considerations we assumed that the motion of separation 
is slow enough for laminar flow to occur in the adhesive. If a strong separa- 
ting force is applied abruptly, the film breaks down without laminar flow, 
leaving a characteristic tree-like pattern on the surface of the adherend 
as is shown in Fig. 21 *. 

In practice we have more complicated conditions than those supposed 
in the above theoretical considerations. For instance, the rheological 
properties of the adhesive may be highly complex, they may vary continu- 
ously with time, due to evaporation, gelatination or setting. However, 
we may draw some general conclusions and may give some requirements 
for obtaining a high degree of tackiness and a high adhesive strength with 
adhesives. 

The desiderata are: 

(1) The thinnest possible spread. In ali the above equations the resisting 

force increases with decreasing thickness of adhesive. 

(2) An adhesive with a yield point. 

(3) An adhesive of high viscosity. 

The third requirement conflicts with (1), but this may possibly be over- 
come by using a thixotropic adhesive, by hot application or by application 
in solution (see sub-section (a), p. 46). 


(e) Measurement of Tackiness in Practice 


As the definition of tack is very obscure, obviously it is very difficult to 
propose methods for measuring it. Each special branch of industry attaches 
its own meaning to tack and makes its own demands upon it. The best course 
in each particular case is, therefore, to correlate the required tackiness 
with a physically measurable property of the adhesive material. 

The earliest measurements of tack were those made by STEFAN (Joe. 
cit. 34) and ReyNnotps (Joc. cit. 35). (See sub-section (d), p. 63-64). They 
investigated Newtonian liquids between flat plates, which had a circular or 
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elleptical form. They measured the rate of separation of the plates when 
known separating forces were applied. One of the first to try to measure 
the tack of printing-inks was J. Beck “°. He measured the movement of a 
hemisphere located in a recessed plate when the hemisphere was covered 
with a thin layer of printing-ink and various forces were applied to it. 
BEcK stated that a relationship exists between tack and viscosity, but made 
no attempts to find the mathematical relationship. Experimentally he found 
the important fact that very thin ink layers of the order of 5 to 10 microns 
behave differently from thicker ones, and also that they rupture rather 
than ,,neck down” under a separating force. R. F. Reep “ devised an 
instrument, called the “Inkometer’’, composed of two rotating cylinders 
that are inked and in mutual contact. The ink causes a resistance to the 
rotation of the cylinders, which acts as a torque. This torque is recorded 
by a lever device and is defined as “tack”. Essentially, the Inkometer 
indicates the shearing forces in the ink layer between the rollers at their 
contact area. The results cannot be given in independent units, but must 
be given in terms dependent on the instrument. The Inkometer has been 
succesful in the prediction of ink “trapping” in multicolour printing, 
where successive films of inks can only be satisfactorily printed one upon 
another if each following ink has less tackiness than the preceding one. 
The Inkometer has the advantage of enabling different inks to be compared 
with it at different press speeds. 

A very old, subjective, method of measuring tack is the so-called “finger 
tab-out” test, by which the finger is pressed upon a thin film of the tacky 
material and then withdrawn suddenly. An attempt to construct an appa- 
ratus imitating this finger-tab method by means of a mechanical “finger tip” 
and a quantitative evaluation of the forces involved, has been made by 
H. GREEN *6, His instrument is called “the Tackmeter”. The tackmeter 
measures the pull resistance of ink layers and shows the relation of tack 
and relative tack to yield value and viscosity. This relationship can be 
determined by an apparatus that splits or partially splits the film, as the 
tackmeter does. GREEN gives a relationship between the coefficient of 
viscosity y, the splitting fotce and the splitting time ¢ as follows: 
for liquids: (D +d)? w- 4.6 - 980 ¢ 

ire ze R4 





and for plastic materials: 
_(D+dy (w — k)+4.6+ 9807 
a a R4 
D is the initial thickness of the liquid or plastic layer; d is a constant correc- 
tion factor; w is the weight placed on the lever of the instrument, 4.6 the 
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lever factor of the instrument, 980 the acceleration. So the actual force F 
equals w- 4.6 - 980; R is the radius of the area of contact, & is the yield 
value. GREEN comes to the conclusion that the “relative tack” of a printing 
ink, i.e. the tack of the ink, divided by that of a standard substance such 
as a stable mineral oil, is a useful property. At high speeds, high rate of 
break, the relative tack depends almost entirely on the viscosity. For high 
rates of break the relative tack is reduced to a ratio of the plastic viscosity 
of the ink under test and that of the standard material. 

An apparatus, constructed and described by A. Voer 47, somewhat 
similar to that described by B. W. DrrjAcrin and A. P. Porersxaya %, 
takes due account of 
the fact that in the 
practice of printing the 
ink is generally printed 
on paper. The influ- 
ence of the paper is dis- 
cussed in a previous 


publication by the same 


Fig. 28. Apparatus constructed by A. VorT to measure author 48, VoeErt’s ap- 
the tack of printing inks. 





paratus (See Fig. 28) 
consists fundamentally of a cylinder A which, upon being magnetically 
released, moves down a plane, formed by two U-shaped bars, and rises 
again on the second plane as a result of the momentum obtained. The 
greatest height reached is now recorded. In a companion test the experiment 
is repeated, but a small inked plate B is placed in the path of the cylinder, 
causing adhesion of the ink to the cylinder and thus film splitting. The 
difference in height attained by the cylinder in both tests indicates the 
energy needed for the ink film splitting. The cylinder may be covered 
with papers of different characteristics. The speed as well as the weight of 
the cylinder may be varied, in order to imitate different conditions on a 
press. It is possible to measure tack on this instrument in fundamental 
units, in a thin film, at a definite speed and at a known pressure, the separa- 
ting surfaces being paper and metal. 

As we have seen that the conception of tack is not the same in different 
industries and there is a lack of agreement on its definition, it is unlikely 
that any one method of measuring tack will find general application. It is 
obvious that the best tests consist of a method approximating as nearly as 
possible the conditions under which the adhesive is used in practice. 
Adhesive tape, for instance, is tested by means of pulling it away from a 
surface at a known rate of loading, during which the pulling force is 


References p. 88 


70 RHEOLOGY OF ADHESIVES CH. 3 


measured. R. S. Rrviin ® uses a vertically placed polished stainless steel 
plate, on which is rolled a length of adhesive tape. A weight is attached 
to the upper end of the tape and the tape peeled off slowly. By taking other 
weights, the time of stripping may be varied. In doing so, RIvLIN measures 
the stripping time as a function of the effective work of adhesion and by 
plotting the data gets curves like that of Fig. 22. 

A similar very simple device for the testing of adhesive tape described 

in British Standard 1133, is illustrated in Fig. 29. The double-back tape, 
which is stuck to a vertical surface, is peeled 
off by a load of three ounces per inch of 
width. The temperature is kept constant at 
60° F during the tests. The tape should 
not strip at a rate exceeding one inch per 
five minutes to satisfy the requirements of 
the test. *? 
Two devices to measure tack in the rubber 
industry are described by W. F. Busse, 
J. M. Lamserr and R. B, Verpery 31. The 
first apparatus measures the applied load at 
different rates of removal of pressure-sensitive 
adhesive tapes from glass surfaces. For the 
results see Fig. 23, p. 61. The apparatus con- 
sists of a glass plate, fastened to the pan of 
a direct reading scale. The adhesive tape is 
fastened to the top of the glass plate and the 
free end of the tape is pulled perpendicularly 
to the surface by means of a cord which passes 
over a roller and another pulley driven at the 
desired speed. 

The second apparatus described in the 
same paper is a tackiness-tester for rubber 

Fig.29. Peeling test accord. ™ixtures. It measures the resistance to sepa- 

ing to B.S. 1133. ration of sheets of rubber under various con- 
ditions. One strip of rubber is fastened to the 
pan of a pre-loaded spring scale, which reads compression and tension 
loads directly. Another sample of the rubber is put around a mandrel, 
3.4 cm in diameter and 2.5 cm wide, and lowered by a motor and drive 
in a 2.4 sec. cycle. The rubber samples are pressed against each other with 
a force of 365 g at the bottom of the stroke and then pulled apart. The 
maximum position of the scale pointer on the return stroke of the drive 
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is read. This value, when corrected for the inertia effects of the system, is 
a measure of the force required to separate the samples, 7.e. of the tackiness 
of the rubber mixture. 

In a recent patent on the manufacture of adhesive compounds °°, numer- 
ical values are given for the rheological or flow properties of silicate-clay 
adhesives for use in the manufacture of corrugated fibre-board, By adding 
a specially prepared clay suspension to a sodium silicate solution it is 
possible to obtain an adhesive mixture having a yield point of 25 to 
150 dynes per sq. cm, a mobility coefficient of 0.3 to 0.4 rhes * (preferably 
0.4 to 0.6), and a “thixotropic ratio” greater than about 1.3. These values 
are equal or approach to the ideal values required for use on a corrugated 
or solid fibre-board machine. The following definition is given of the 
thixotropic ratio: The apparent average viscosity is determined by using 
a calibrated Stormer viscometer, at 10 and at 100 revolutions. The former 
viscosity divided by the latter gives the thixotropic ratio. The ratio is 1 for 
a non-thixotropic material; for a thixotropic material it is greater than 1, 
and the difference from 1 is a quantitative measure of the thixotropy of the 
adhesive. This thixotropic ratio is a purely empirical expression for the 
degree of thixotropy associated with a system, but it proves valuable 
in comparing silicate clays. 


(£) Setting of the Adhesive 


The adhesive can be caused to set by cooling to room temperature, by 
(further) drying out, or by chemical action. Cooling may result in consider- 
ably increased viscosity, in the occurrence of a yield value or even in the 
crystallization of the adhesive or of part of the adhesive. 

Solutions of adhesives and also molten adhesives show very pronounced 
temperature coefficients of viscosity. 

The occurrence of a yield value has been mentioned earlier in relation 
to protein glues. 

In cooling molten plastics of the polymer (one dimensional type), crystal- 
lization will often set in and cause a yield value. Because of the great length 
of most polymer molecules, crystallization will only bundle the parts of 
long molecules that happened to be lying side by side in the fluid mass. 
The crystallization of these polymers thus gives rise to crystallites of 
restricted dimensions, with fringes of entwined molecules at both ends. 
These crystallites have been proved to exist both in natural and in several 
synthetic rubbers, and are very marked in polyethylenes. The rubbers 


* The rhe is the inverse of the poise. 
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themselves are not fusible, but are often used as additives to molten masses 
(e.g. mixes of rubbers and resins, well-known adhesives for rubber flooring, 
for pressure-sensitive tape, etc.). The crystallites mentioned play the same 
réle as the bonds formed by sulphur in the vulcanization of rubber: they 
form the knots in a network of long threadlike molecules. 

The drying out is the same process that was discussed when speaking 
of the application of dissolved adhesives; for such dissolved adhesives 
the process of application and of conversion into the solid state may be 
seen as one stage. Somewhere during this conversion, the half-dried adhesive 
passes through the state of tackiness; at this point the parts are joined. It 
has already been stated that the remaining solvent has to be able to diffuse 
through the adherends. It is clear that this class of adhesives, which sets 
by drying out, is unsuitable for joining metal parts. 

Chemical action, converting applied adhesives from the liquid to the 
solid state, is the modern way of hardening synthetic adhesives. The 
adhesive mostly consists of two chemical compounds, able to interact 
under the influence of heat, catalysts or both. The chemistry of these processes 
must be left to the specialized parts ot this book. The rheological conse- 
quences are to be seen as an increase of viscosity, followed by the building 
up of a yield value. 

Of chief concern to us is the fact that most of these chemical solidifying 
reactions involve a change in volume, mostly contraction. Inasmuch as 
this contraction happens during the highly viscous or the plastic stage of 
the adhesive, nothing will occur but a slight decrease in thickness of the 
layer. However, if big gaps exist between the adherends, holes may appear 
in the bulk of the adhesive filling the gaps. But the contraction mostly goes 
on when the adhesive has already been converted to a solid or even a 
brittle state. In this case, cracks may occur in the adhesive layer on harden- 
ing, reducing the strength of the joint to almost nothing. This phenomenon 
is very serious when big holes between the adherends have to be filled 
with the adhesives. The so-called “‘gap-filling” adhesives have been deve- 
loped for just these cases. They show little contraction on hardening, and 
mostly contain plasticizers so that the yield point of the hardened glue 
shall be below the breaking strength. By this means the stresses 
originating from the chemical contraction can be neutralized by slight 
interior flow. : 

The cracking and contraction of adhesives is in practice a very serious 
drawback to several simple glues of the three-dimensionally condensing 
type. Linear polymers are much less dangerous in this respect, for most 
linear polymers are less brittle than three-dimensional ones. 
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§ 3. RHEOLOGY OF HARDENED ADHESIVE LAYERS 


In this third part of our chapter on the rheology of adhesives we propose 

to discuss the finished joint. We shall consider the rheological aspect of 

five different properties of the set adhesive largely determining the behaviour 

of the joint under different circumstances, viz. : 

(a) Plastic flow of the adhesive. 

(b) The elastic modulus, as compared to that of the adherends. 

(c) Expansion and movements of the adhesive layers through adsorption 
of fluid (water). 

(d) Building-up of inner stresses in the adhesive. 

(e) Influence of temperature on these properties. 

But before entering upon this discussion, we must first deal with some 
general properties of a joint. Once a joint has been formed and the adhesive 
has solidified, properties of the adhesive other than those mentioned in 
Section 2 come to the forefront. One factor is the tensile strength of the 
adhesive, which, as we shall see, is not the same as that of the joint made 
with it. 

A film or layer of adhesive in a joint shows a greater strength both in 
tension and in shear than the same adhesive material in bulk. This has been 
confirmed by many experiments. In this regard the work of McBarn and 
co-workers ®! heads the list of investigators. In addition to the above- 
mentioned effect, »#zx. that the joint strength of adhesives is greater than 
the bulk strength, McBarn found another effect during his experiments, 
ie., increasing joint strength with decreasing thickness of the adhesive 
layer. McBatn formulated this effect as follows: “The thinner the adhesive 
layer, the stronger the joint. The effect of thickness is not appreciable with 
thick films, but rapidly increases when the thinnest possible films are 
studied”. The results of McBatn’s experiments with shellac adhesives on 
nickel and aluminium are illustrated by Fig. 48 in Chapter 4 of this book by 
C. Mytonas and N. A. DE Bruyne. The experimental facts of an increasing 
joint strength with a decreasing thickness of the adhesive layer are in full 
agreement with the theoretical deductions about tackiness (See § 2 p. 63-67). 
If we consider STEFAN’s formula for the separating force of two plates 
between which is a liquid (adhesive) layer, we may deduce from it that 
the separating force F is inversely proportional to D?, the square of the 
thickness of the liquid layer. From the same pages we see that the HEALEY 
formula for a drop of liquid between parallel plates even shows a separating 

1 
D 


force F falling off with _., where D again is the thickness of the liquid layer, 
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and finally the separating force for an adhesive with a yield point between 
5 


parallel plates shows inverse proportionality to D2" 


Extremely thin layers of liquids were investigated by H. M. Bupcerr », 
who used optically polished steel surfaces true to one millionth of an inch, 
which he brought into very close contact by wringing. The adherence of 
the meta! surfaces was dependent upon the presence of an extremely thin 
liquid film. Bupcerr was able to show that in his experiments the thickness 
of the film was of the order of a few millionths of an inch, that is of the 
order of a few hundred molecules. . 

With condensed water vapour or oils between the plates, the tensile 
strength of the joined surfaces was rather high, whereas the clean dry 
surfaces could be separated by a small force. BupGErr concluded that his 
liquid films were very incomplete and that not more than 4% of the force 
required to separate the surfaces could be ascribed to the surface tension 
of the liquids. The effect was essentially due to the cohesion of the liquid; 
the rupture always occurred in the liquid itself and ‘not at the solid-liquid 
interfaces. Even in these experiments, where the thickness of the films is 
extremely low, the breaking load very rapidly increases as the film gets 
yet thinner. The adhesion of these precision-finished steel blocks has been 
the subject of much theoretical discussion with respect to the polar attrac- 
tion of molecules. An accuracy or smoothness of the blocks of 10° inch © 
may be achieved by special measures 5%, 

The importance of thin surface films in promoting adhesion between 
gauge blocks is also emphasized by F. D. Jones 54, Jones states that, when 
the blocks are perfectly clean, they fall apart by their own weight, but with 
oils and water vapour, especially with water vapour and:a trace of soap, 
the separating forces are considerable. See also Chapter 4 by C. Mytonas 
and N. A. DE Bruyne. In agreement with the results obtained by McBAIN 
and Ler, many other investigators found an increasing joint strength as 
the thickness of the adhesive was diminished. J. J. BIkERMAN ® checked 
the experimental results of McBain and Ler with paraffin wax joints 
between metal surfaces. His experimental results were exactly the same as 
those of McBain and Lex, i.e. for thin joints (57 j) an average joint strength 
of 24.6 kg/cm* was found and for the thick joints (540 «) 14.8 kg/cm. 
W. P. Konsranrinova * found tensile strengths of the same order as 
McBaINn and BIKERMAN with parafin wax joints thinner than 0.01 cm, 
and a tensile strength of 7.45 kg/cm? for the wax in bulk. With decreasing 
thickness of layer, an increase in strength of joint was found of the same 
order as that reported by BrkKERMAN and McCBAIN. 
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In the gluing of wood, several investigators emphasize that the glue 
film must be very thin for strong joints. J. W. MAxwe i 57 investigated 
the shear strength 

Joint ae 45 of wood joints with 
4000 resinous glue as in- 
fluenced by the 

nature of the wood 
surface and the pres- 
sure on the joint 
during the gluing 
operation. He also 
investigated the in- 
fluence of the thick- 
ness of the glue film. 
His results with 
planed, #.e. relatively 
smooth-surfaces, are 
shown by the curve 
in Fig. 30. This Fig- 
ure shows that the 
joint strength, which 
is rather high for 
very thin glue layers, 
— 40 60 80 100 20 diminishes rapidly to 


——~Thickness of Glue : 
a point where the 
microns 


Fig. 30. Joint shear strength of resin glue in relation to glue film thickness 
thickness of glue film. approaches 80 mi- 


J. W. Maxwe xt, Trans. Am. Soc. Mech. Engrs, 67 (1945). ‘ 

crons. Beyond this 
film thickness the joint strength remains relatively stable. The shear strength 
of the glue in bulk was 2800 P.S.I. So the joint strength may be 200-1000 Ibs. 
stronger than the glue strength, as can be seen from the Figure. In Fig. 31 
the results of POLETIKA’s investigations 8 with plywood joints are shown, 
giving approximately inverse proportionality between joint strength and 
glue line thickness. The strength of soldered metal joints, investigated by 
T. B. Crow®, shows a similar tendency with respect to the thickness of the 
solder. The tensile strength of the joints increases with decreasing thickness 
of the solder film. The strongest soldered joint investigated had a tensile 
strength of some 2.5 times that of the solder. In the case of soldering 
metals, the influence of partial diffusion of the metals and the solder 
into each other and alloying at the contact surfaces should be considered. 
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Explanation of the results with thin adhesive layers. 

McBain and LEE ® tried to account for the results found in their experiments. 
They suggested that the higher strength of thinner joints was due to long- 
range molecular forces operating between the metals and the interior of 
the adhesive film. In their reasoning, not only the molecules of the ad- 
hesive which actually touch the surface are orientated, but “whole chains 
of orientated molecules extend from the surface of the adherend well 
into the liquid or solidified adhesive”. Later investigations, e.g. those of 
R. BuLKLeEy ®, revealed, however, that attractive forces between surfaces 
and adsorbed layers do not operate through much more than a mono- 
molecular layer of a liquid. 

In complete agreement with these views of BULKLEY’s ate the calculations 
of the electrostatic attraction between surfaces and charged particles by 
J. E. Lennarp Jones ®, and the work of F. P. Bowen * on the range of 
surface forces. 

J. J. BrikerMAN * has another theory to explain the decrease in tensile 
strength if the thickness of the adhesive is increased. He does not believe 
in long-range molecular forces, but he analyzes his own experimental 
data on paraffin wax joints by a simple application of probability. 
With his “probability of flaws” BrKERMAN explains % of the differ- 
ences between thick and thin wax joints. The remaining third he ascribes to 
crystallization differences between thick and thin sections of paraffin wax 
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between metal blocks. BrkERMAN’s reasoning is as follows: the tensile 
strength of a rod or a fibre depends on the length of the specimen: the 
shorter the fibre, the greater the strength. For a long rod or fibre is likely 
to show more faults or flaws than a short one. These faults or flaws cause 
the rupture of solids under stress. The rupture will occur at the weakest 
spot. This theory of flaws, which was checked and proved to be satisfactory 
for fibrous materials, can be applied to glued joints as well. When the 
length of the “rod” is gradually reduced, the rod becomes a plate and then 
a film. In reducing the length of the rod, the tensile strength increases, 
for if the rod is uniform, the probability of finding a weak spot decreases with 
the length of the specimen, #.e. the thickness of the glue layer. The rule: 
“the shorter the fibre, the greater the strength” is confirmed by experiments 
with several fibrous materials, e.g. with cotton hairs by F. T. Petrce and 
K. C. Brown ®, with rayon threads by H. R. BELLINSON ®, and with glass 
fibres by F. O. ANDEREGG ®7. 

The mathematical relations between the frequency curves of strength 
and the length of the specimen are discussed in full detail by F. T. Perrce ®, 
and his calculations are in good agreement with the experimental data. 


Preliminary Conclusions as to Joint Strength 


The literature survey given here, which is by no means exhaustive, shows 
that a lot of work has been done on this problem. As a result, it is now 
certain that thinner joints are stronger, that part of the influence can be 
ascribed to the greater probability of flaws in thick joints, and that far- 
reaching orientation in adhesives is not acceptable because of modern 
views on the range of surface forces. But notwithstanding all the work 
done, the present authors hold the view that the problem has not been 
studied from all angles. In the first place, the many adhesives and solders 
which exhibit plastic flow before they break will be hindered from doing 
so in thin layers. M. ZscHOKKE and R. Monranpon ® have interpreted 
the influence of the thickness of solder layers on their strength as an example 
of restraint of deformation. It may be understood in the following way. If 
a piece of material which can be plastically deformed is strained, ¢.g., if a 
cylindrical test piece is drawn out, its cross-section begins to decrease, 
usually at the weakest point *. The cross-section, which eventually breaks, 


* This is not true for materials like steel and copper, which stiffen on deformation; 
such materials mostly decrease in cross-section over the whole length of the test piece 
before any failure occurs. The organic materials nowadays used as adhesives include 
several high molecular weight polymers showing this stiffening effect. The effect : 
caused here by orientation and orientated crystallization. Such materials, when a 
as adhesives in thick layers, will therefore posses a certain advantage over materials 
that do not stiffen upon deformation. 
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is much smaller than the original one. A layer of solder or adhesive may be 
considered as a very short bar with a very large cross-section. But the 
decrease in cross-section found in the strained test bar is now greatly held 
in check, as the material tested lies sandwiched between the flat adherends. 

For the movement of such a layer between flat surfaces compare the 
theory of parallel plate plastometer 7°. 

If we have to do with a very thin layer, flow will be almost impossible 
and the ultimate fracture will take place in a cross-section equal to the 
original one. Therefore, the solder or plastic adhesive, when tested in a 
thin layer in a joint, will show far greater breaking strength than when 
tested as a bar. This is due to strong restraint of deformation. 

So the literature gives us two reasons why thin layers of adhesive provide 
stronger joints, 7z., (1) fewer flaws in thin joints ; (2) restraint of deformation. 


A third reason for the extra strength of thin joints 


There is a third and very important reason why joints with thin glue layers 
will be stronger than those with thick ones. The authors have not found 
any reference to this reason in the literature, but they think it to be of the 
first importance in all cases where the adhesive layer is of a rigid, non- 
yielding character. When a glued joint fails, this is often due, not so much 
to forces at right angles to the surface, as to stresses parallel to it. Tangential 
stresses in adhesive coats are often very strong for various reasons, in- 
cluding shrinkage of the adhesive, swelling of the adhesive, difference in 
thermal expansion between adhesive and adherend, etc. 

We shall revert to these matters in the following paragraphs. When an 
adhesive is torn from its adherend, this is mostly caused by a combination 
of tangential and perpendicular forces. The former originate in internal 
stresses, the latter from external forces. When considering thin layers, 
however, one may say that these internal stresses will always be proportional 
to the thickness of the glue layer. It will help us to understand this if we 
suppose that such a layer will tend to contract, owing to, say, the loss of 
included solvents, or chemical reactions, or cooling from a higher to a 
lower temperature. If this contraction is impeded, the contracting internal 
stresses will be limited by the yield value of the material; but up to this 
bee He contracting forces will always be proportional to the thickness 
of the layer. This pr ionality i 
as built fl of ak amp ak ape ACS: RNR 

ese, taken apart, sets up 
contracting forces. The contracting forces of the total layer are the sum 
of all the forces of the thinner layers into which the whole layer is subdivided. 


Restraint is exerted in the case of adhesive layers between adherends by 
References p. P? . 


3 PLASTIC FLOW OF AN ADHESIVE 79 


the adhesion to the surfaces. The tangential forces set up in this way on 
the borderline between adhesive and adherend are caused by the said 
contracting forces and thus they are proportional to the thickness of the 
glue layer. The adhering forces have to counteract the sum total of the 
contracting (or expanding) forces set up by the whole body of the glue 
layer. This simple reason may very well be the main reason why thin 
adhesive layers should generally be preferred. A thin layer of adhesive may 
shrink or expand or swell just as much as a thick one, but the forces exerted 
by the thin one in such a case will be less than those exerted by the thick 
one. Therefore the adhesion will be endangered much more by such swelling 
or shrinking of a thick layer than of a thin one. 

Now that we have discussed joint strength and joint thickness at great 
length, we propose to give our attention to the four different properties of 
adhesives mentioned at the beginning of this § 3, as, each in its own way, 
they influence the behaviour of a joint rheologically. 


(a) Plastic Flow of an Adhesive 


When an adhesive has a very low yield value, but high viscosity, it is a very 
suitable adhesive for supple, deformable adherends. Deformability of the 
adhesive is very high, but plastic adhesives are never suitable for rigid 
joints. It is evident that with such an adhesive no joints of anything like 
high or even moderate breaking strength can be realized; shocks and 
stresses of short duration may well be resisted, but in due course any 
continuous loading will give rise to permanent deformations. The adherends 
will begin to glide very slowly over each other when under permanent 
shearing stress; and when they are under a permanent pull at right angles 
to the adhesive layer, they will separate in the long run, if this pull exceeds 
the yield value*. 

Moreover, as explained in § 1, the yield value of these permanently plastic 
adhesives is often merely fictitious; at stresses under this value a very slow 
but steady deformation or creep sets in. Plastic adhesives, however, possess 
one very great advantage over all the others, the highly elastic ones excepted. 
This advantage is commonly regarded as being firm ac...sion, but this 
adhesion is only apparent. The valued effect is produced, not by interfacial 
energies (see Chapter 1 on Adherence), but by the rheological properties 
of these adhesives. As has been shown in the general introduction of this 
§ 3, a joint is endangered in the majority of cases by tangential stresses on 
the borderline between adhesive and adherend. These stresses may over- 


* See, however, page 66-67 on the effect of surface tension (on tackiness). 
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come the adhesion, possibly together with a pull in a perpendicular direction 
ot, if adhesion does not fail, these stresses may cause fracture within the 
layer of glue. The latter will occur if the cohesion is weaker than the 
adhesion. This rule, however, only holds if the material shows a yield 
value which is decidedly higher than the stresses originating in the border- 
line. Now this is certainly not the case with plastic adhesives; with them, 
all tangential stresses originating in the borderline will disappear directly 
there is any internal movement or relaxation. For this reason, plastic or 
highly viscous materials exhibit great (apparent) adhesion. The unreliability 
of a permanently loaded joint and the apparent strength of adhesion (i.e. 
the fact that adhesion is maintained) are due to the same cause. Some 
bituminous adhesives, or those consisting of mixtures of bitumen and 
resin, however, will break away from the surface completely when the 
whole assembly is subjected to sudden heavy stress, so short as to allow 
no time for relaxation or internal movements: the adhesion fails under 
impact. The reason for this is that such abrupt loading of the joint allows 
no time for the initiation of the very slight flow which usually neutralizes 
all stresses set up in these plastic adhesives. Plastic adhesives that fail under 
this impact test are nevertheless an exception. The tangential or parallel 
stresses mentioned in this chapter are the supreme enemy of all “‘strong” 
glues, but with these creeping glues they are non-existent. In them all 
inner stresses are neutralized by the internal viscous flow. 

Plastic adhesives can only be used within a very limited range of tempera- 
tures; when cooled down to well below room temperature they have a 
tendency to become brittle. Above room temperature their yield value 
will decrease further and their viscosity will fall exponentially; they will 
lose all their strength. As examples of plastic adhesives we may mention 
asphaltic bitumen, pressure-sensitive tapes (consisting, e.g., of rubber, resin 
and plasticizer), polyvinyl acetates of low molecular weight (“Gelva”, 
“Vinnapas”), cyclized rubber (““Vulcabond”, “‘Bostik’’). Such adhesives 
will paste anything together, but the bond does not last under even moderate 
stresses if these stresses are permanent. 


(b) Elastic Modulus, as compared with that of the Adherends 


The elastic modulus plays a very important part in adhesives. To begin 
with, we shall have to consider the class of highly elastic adhesives, showing 
very low elastic moduli. 

Rubber solutions, highly elastic plastics, latices, find widespread use for ° 
joining rubber-like and pliant adherends. These materials do not possess 
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great breaking strength, whereas their deformability is very considerable; 
but they generally have a marked yield value. Joints made with them are 
therefore stable under prolonged pulls and stresses below certain limits. 
Because of their low elastic moduli, stresses on the borderline will not be 
built up to any appreciable extent, since in this case substantial expansion 
or contraction of the glue layer or adherends will not produce great stresses 
in the adhesive. These highly elastic adhesives are therefore more useful 
than the plastics. Since, however, a chain is as weak as its weakest link, 
adhesion must be better here than the real adhesion of the permanently 
plastic ones. As examples we name rubber solutions and latices of india- 
rubber and synthetic rubbers. 

Passing on to materials of higher elastic modulus, we find that it will 
be prejudicial to the conditions in a joint if the elastic modulus of the 
adhesive exceeds that of the adherend 7. For, what will happen if a joint 
containing an adhesive of high elastic modulus is deformed? Let us imagine 
the adhesive sandwiched between “soft” adherends. If the whole is strained 
by simple shear, the adherends will be deformed to a greater extent than 
the adhesive. If the adherends are stretched, the adhesive will be stretched 
to less extent by the same deforming force. The consequence will be very 
great tangential or parallel shearing stress at the boundary. Where we have 
two strips of a certain elasticity, joined by a harder glue line, we shall find 
that the strength of the joint has much decreased, because a preponderant 
proportion of an applied tearing force will act on the extreme left and 
right ends of the boundary between adhesive and adherend only. Corres- 
ponding stresses are set up in the adjoining adhesive layer and, if the 
adherend does not fail locally, the adhesive will do so. See in Fig. 36c 
Chapter 4 by C. Mytonas and N. A. bE Bruyne in this book the point 
between the left extremity of the glue line and the upper strip and between 
the right end of the glue and the lower strip. See the same Chapter for an 
explanation of these stresses. The inference is that the elasticity or exten- 
sibility of adherends is likely to influence the strength of joints made with 
fairly hard adhesives in no mean degree. See also this Chapter 3, p. 81-82. 

Taking the same joint as described above, if the strips are heavy, they 
will not be stretched to any marked extent when the joint is pulled apart. 
In other words, in this case the pull on the left strip is evenly taken over 
as a proper shearing-stress by the whole borderline between adherend and 
adhesive. When the thickness of the strips is reduced, a moment will come 
when the strip is decidedly stretched before the joint fails. The extra stress 
referred to in a tangential direction on the outer part of the border of the glue 
line and adherend is now set up and the breaking strength of the joint 
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decreases according y. As this point will, however, depend on the exten- 
sibility of the strips, two strips of equal dimensions but of different coefficients 
of elasticity will behave differently. If the adhesion is adequate in both 
cases, the adhesive being sufficiently rigid (high elasticity modulus), it will 
be found that the stronger material will produce the stronger joint; for as 
a rule the strength of a material (¢.g. a metal) runs parallel to its elastic 
modulus. 

The work of J. W. McBAIN and W. B. L. Lex * is relevant at this juncture 
(see Fig. 48, Chapter 4 by C.Mytonas and N. A. DE Bruyne). This Figure 
shows the influence of the nature of the adherend on the strength of the 
joint, which corresponds to the mechanical constants of the materials 
joined, increasing with their tensile strength and elasticity modulus. Joints 
between nickel surfaces are stronger than those between aluminium. These 
results, which were obtained by the authors just mentioned, bear out the 
arguments advanced above. 

Generalizing on the elasticity of adhesives, it may be said that the elastic 
modulus of an adhesive in the set, é.e. fully hardened, state should always 
be lower than that of the adherends. In this case the parallel stresses referred 
to are always lower. 


(c) Expansion and Movements of Adhesive Layers through 
Adsorption of Fluids 


This is a prime factor affecting the rheological behaviour of adhesives. 
Water is present everywhere in this world’s atmosphere and almost all 
constructions containing non-metals are influenced by it. The relative 
humidity in our climate varies from 60-95%, the water content of materials 
like wood, paper, etc., changes with the relative humidity of the atmos- 
phere with which it is in equilibrium: (See Fig. 32). The great affinity of 
these common materials for water is due to the large number of hydroxyl 
groups in their chemical structure. Now the occurrence of free OH 
groups in our most common non-metallic materials is no mere coincidence 

the presence of strong polar groups in organic materials being one of the 
simplest and most usual means of sustaining strong cohesion in such 
materials (See Chapter 2 of this book by A. J. STAvERMAN). Organic 
materials without polar groups may be strong, if their molecular structure’ 
“ three-dimensional. In materials of that kind molecular units are connected 
a Sib irae race to pieces two other units. Materials like bakelite 
eae tetas ae a inso uble. Strong Organic materials may alter- 
as a up by the crystallization of linear molecules (e. g. polythene, 
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unvulcanized rubber, paraffin wax); but the strength of the materials of 
this group never reaches the value of three-dimensional materials, nor that 
of polar substances. Both groups are soluble, the non-polar ones in non- 
polar solvents, the polar ones in polar solvents. It may be said of both 
classes that the strength 
of these materials in- 
creases with increasing 
length of the mole- 
Desorption, ii cules (up to a certain 
et etate tevee J limit, above which the 
————Cotton strength remains prac- 


. J tically constantat higher 
CATT | SS 
A 4 strongest high mole- 
COE Ary) Se 
vA consisting of linear 
COCO 7) sci 
ae - which contain polar 
aa groups and are crys- 
<A 54 tallized as well. Crys- 
ale tallization of long 
molecules is fostered 
considerably by their 
BO orientation *. 
%e Relative humidity Crystallized polarhigh 
Fig. 32. Absorption and desorption of water by textiles polymers of this type 
as a function of the relative humidity. mostly form fibrous 
substances. Crystallization means that a regular pattern is formed; usually 
all the polar groups of one molecule interact with all the polar groups of 
other members of the crystal or crystallite. This is impossible if these 
spaghetti-like molecules are arrayed at random. For this reason, the polar 
bonds between the molecules become far more effective upon crystallization 
and, as a result, the substances are insoluble even in strongly polar solvents 
(e.g. cellulose, wool). 
The choice of organic material for adhesives subjected only to low 
stresses is almost unlimited (see section on plastic adhesives), but is confined 





* Without orientation, crystallization of linear high polymers can only take place over 
a number of small areas, where a number of molecules are lying parallel by accident 
and form small crystallites. These molecules do not take part in such a crystallite over 
their whole length, but only partly; one molecule may take part in more than one 


crystallite. 
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to substances of high molecular weight, preferably crystallized, if greater 
strength is required. For adhesives called upon to match the aera 
properties of strong materials, we have to turn to polar substances - 

It is therefore clear that with strong adhesives considerable adsorption 
of water vapour in humid atmospheres is by no means rare. This is the case 
with all protein glues and also with dextrine and many synthetic adhesives 
containing free hydroxyl groups. The effect of such adsorption is twofold. 
The adhesive layer expands and tangential forces are set up on the boundary. 
At the same time, the rheological properties of the adhesive change. As 
these polar substances have strong forces between the molecules, these 
molecules will not slip past each other before a limit of shearing stress has 
been exceeded. They exhibit a pronounced yield value. The adsorption of 
water increases the average distance between the molecules; water mole- 
cules find a place between these molecules and saturate part of the strong 
electrostatic forces of the hydroxyl (or other polar) groups. The yield value 
is therefore lowered. 

Thus, together with the expansion of the adhesive layer, its yield value 
is lowered. The deformability of the joint is increased and, if no mould or 
bacterial disintegration of the adhesive sets in, the joint will not fail, though 
its breaking strength may be reduced **. But what will happen, if the opposite 
event occurs and water escapes from the polar adhesive into a dry atmos- 
phere? There will be contraction and the yield value of the adhesive layer 
will increase. This is very dangerous. Either of two things may happen: 
the adhesive may become brittle and break under slight but sudden mechan- 
ical impact, or the tangential forces at the boundary may exceed the limit 
of adhesion and the layer may break away from the adherend. 


(d) Internal Stresses built up in the Adhesive 


We have already considered some sources of inner stresses in the adhesive 
layers, viz., outer forces (in connection with elasticity), adsorption of water 
from the outside. But the stresses often come from within, initiated by 
changes inside the adhesive. Once again, this will only have serious conse- 
quences if the yield value is high and the elasticity inadequate; in other 
words, in the case of strong adhesives. 

The occurrence of internal stresses is mostly related to the mechanism 


* The choice of polar substances as adhesives for polar materials is also indicated 
because no adhesion can be expected in the opposite case (see Chapter 2 of this book 
by A. J. STAvERMAN). 

** In a few cases, as in that of adhesives like chlorinated rubber on glass, humidity 


may damage the adhesion, because water molecules get into the borderline between 
adhesive and glass. 
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by which the adhesive hardens. This hardening has been described in § 2(b,f.). 

As has been stated, adhesives which harden by drying often hold back 
a certain amount of solvents for long periods. It may take months before 
these traces have disappeared, especially when the adhesive is sandwiched 
between adherends with low permeability. for these solvents. As was 
stated in § 2, such solvents have a very strong plasticizing power. 

While the apparently dry adhesive (containing a trace, say 5%, of solvent) 
is a strong, deformable solid, therefore, loss of solvent often converts it, 
with contraction, into a brittle, glass-like substance. Thus 2 joint may fail 
on ageing. Other adhesives may oxidize and contract as a result of this 
process (adhesives containing drying oils). 

The chemical hardening discussed in § 2 (f) may be a very slow, pro- 
longed process, sometimes causing strong stresses to be set up in the layer. 


(e) Influence of Temperature on the Properties mentioned 


The influence of temperature on the properties of adhesives as considered 
in the foregoing sections has been mentioned in the course of our dis- 
cussions. A few general remarks on the rheology of hardened adhesives 
as influenced by cold and heat will therefore suffice here. 

Cold is a serious menace to plastic adhesives, because it temporarily 
deprives them of their deformability. Nor can they withstand heat. Highly 
elastic adhesives are vulnerable to extreme cold, which converts them to 
rigid, often brittle substances. Very rigid adhesives are not as a rule much 
influenced by temperature, but if their coefficient of thermal expansion 
differs very considerably from that of the adherends, stresses will be set up 
on the border-line by changes of temperature. In the case of metals joined 
by glass enamels, or ceramics or glass joined in the same way, this difference 
in thermal expansion is the all-important factor. It is well known that 
glasses produce a nick in their expansion temperature curve, near the point 
where the glass shows the first signs of softening. A special metal is often 
chosen (e.g. Fernico, consisting of iron with 28 parts Ni and 18 parts Co) to 
ensure stable joints. This also shows a nick in its thermal expansion curve, 
at 440° C. 74, 

Adhesives naturally absorb very much less water at higher temperatures; 
it should be borne in mind that this is hardly the case if the relative humidity 
is kept constant while the temperature is increased. 

Contraction of adhesives, due to a slow loss of solvent, or by a slow 
process of chemical hardening, is very much increased by rising tempera- 
tures. As at the same time the rheological properties of such an adhesive 
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are influenced by increased temperature (lowering of viscosity and of yield 
value), it is impossible to say what the results will be in such cases. 


§ 4. BRITTLENESS 


A few remarks on brittle adhesives may fittingly conclude this Chapter on 
the rheology of adhesives. 

What is brittleness? A material may be called brittle if it is fractured by 
moderate stress of very short duration. A light tap may break the material, 
whereas a load gradually applied can be increased to a heavier weight 
without causing fracture. Brittleness is related to absence of relaxation. 
Going from highly viscous, via plastic towards brittle materials, one sees 
that in the first case all internal stress is immediately neutralized by inner 
flow, whereas no such flow occurs in the brittle material. On closer examin- 
ation, however, this viscous-plastic-brittle sequence proves to be illusory; 
for, a good many brittle materials are viscous, without having a yield 
value, of which pitch and cumarone resins are good examples. It is sur- 
prising to find that over-cured rubber is among the brittle substances. 

5,6 Over-cured rubber may 
th, be very strong and 
highly elastic; but it 





48 

ites mal sthopaet testing mochincy breaks immediately if 

aa stretched quickly. 
Fig. 33, taken froma 
“e publication by A. VAN 
Rossem and H. J. Be- 
VERDAM 73, shows clear- 
<A ly that the energy re- 
quired to break asample 
1,6 of cured rubber depends 
greatly on the speed at 
08 which the sample is 


stretched. This Figure 
reproduces curves for 
__ &© mixtures of F. L. Crepe 
fe mle ee aavtce (100 pacts), Sulphur (74 

Fig. 33. Breaking strength of cured rubber spies a ciphenr ey 
related to time of vulcanisation. mixture nidine as accelerator (1 


Gureiech Sao with Schopper tensile tester (slow Part), cured at increas- 
test) and Charpuy impact hammer (quick test ; ; r ; 
From A. VAN Rosse and H. J. BEVERDAM, Ravcled 10g MES. “OR Vana 


6 (1930) 225. ation. The cured 
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samples were tested in two different ways: at slow speeds of stretching, as 
customary in rubber testing (Schopper tester) and at high speeds with 
an impact tester (Charpuy hammer). We can see from the results of 
Schopper tests in Fig. 33 that the rubber mixtures received their optimum 
vulcanization after 30 minutes and were decidedly over-cureda fter 50 min- 
utes at 147° C. The difference in energy at break is only to be found in 
fully cured and especially in over-cured samples. 

This behaviour of cured and over-cured rubber may explain the behaviour 
of soft and brittle materials in general. Let us consider again a piece of 
material consisting of long intertwined and partly mobile molecules. We 
saw that this is the picture both of natural and of synthetic rubbers. Let 
this piece of material be suddenly stressed in one direction. Strain will be 
set up and it is clear that in the interior of this sample a small number of 
molecules or parts of molecules will absorb most of the stress at its very 
onset. This must be so, because nearly all stressed parts of molecules are 
able to yield to the sudden stress by a slight rotary movement, the only 
exception being those parts of molecules which were oriented precisely in 
the direction of the applied stress. At this first moment sections of the long 
molecules will be much more liable to change their direction than to glide 
past their neighbours, for those sections of rubber molecules are free to 
change direction, almost as freely as in a liquid (they show low micro- 
viscosity), but offer considerable resistance to the relative movements of 
whole molecules (macro-viscosity). 

If, however, these highly stressed parts of molecules move slightly in 
a longitudinal direction, this will set up some movement within the 
material, placing a number of other molecules in the same position as the 
first ones. In this way the stress is distributed among a large number of 
directed molecules, no cleavage will take place and the material will not 
be brittle. It will be brittle, however, if no such slight internal movement 
is able to take place, owing, for example, to abrupt imposition of stress. 

This behaviour is clearly demonstrated by the over-cured rubber mixes 
studied by VAN RosseM and BeverDAM and shown in Fig. 33. 

Brittleness disappears if somewhat more time is taken to build up the 
applied stress (Schopper test), as during that time the straining of carbon 
against carbon chains causes slight flow or dislocation of their immediate 
environment. Thus these “direct chains” are partly released and other 
chains come into action. Extension of cross-linking between the molecules 
by increased time of vulcanization, however, impedes the gliding of stressed 
and directed molecules past their neighbours, with the result that brittleness 


sets in. 
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Any brittle material not possessing rubber-like elasticity, but highly 
viscous in its behaviour, presents a similar picture. Pitch is an example, 
in which likewise a few “direct chains” will be stressed, though by far 
less deformation, owing to poor elasticity. Nevertheless, lack of oppor- 
tunity for the viscous displacement of sections of molecules within the 
material will concentrate the total stress in a similar manner at a few 
vulnerable points. 

With this same picture before us, we can readily see that all materials 
debarred from internal flow must inevitably be brittle, since no opportunity 
is afforded for homogeneous internal distribution of an applied stress. As 
no material is entirely homogeneous, some part of an absolutely hard body 
will be more stressed than others and. breakdown will start at the over- 
stressed point, because this uneven distribution of stresses cannot be 
corrected by internal flow in the near-instantaneity of suddenimpact, which 
deprives the material of all deformability. Once break-down has started, 
the very strong notch effect obtaining in hard bodies will complete it in 
a fraction of a second. 
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CHAPTER 4 


STATIC PROBLEMS 


C. Mytonas and N. A. DE BruyNne 
Aero Research Limited, Duxford (England) 


PART I. THEORETICAL INVESTIGATION OF 
THE STRESSES IN JOINTS 


§ 1. INTRODUCTION 


External forces seldom produce a uniform field of stress even in a 
homogeneous body; when the body consists of two or more materials 
joined together, as for example in a glued joint, a state of uniform stress 
is quite exceptional. The difference of physical properties at either 
side of the interface between adhesive and adherend will produce a varying 
intensity of stress, hence will introduce some degree of stress concen- 
tration (ratio of highest to mean stress). 

Failure to recognise the significance of such stress concentrations has 
in the past led to some confusion and to erroneous conclusions. Thus it 
has been customary to express the strength of a glued joint as an average 
breaking stress, 7.e., the breaking load divided by the glued area and 
expressed in pounds per square inch or kilograms per square millimetre. 
It was later found that the stresses developed in the glue layer are not 
uniform, the stress concentration depending on the shape and size of the 
test specimen so that the more highly stressed areas break first and limit 
the strength of the whole joint. 

The exact knowledge of the stress distribution in glued joints is therefore 
indispensable for the prediction of their strength; it is also a necessary 
element in the study of the behaviour of the adhesive. 

This chapter is mainly confined to stress distributions below the 
elastic limit but a paragraph at the end deals briefly with the effect of plastic 
flow. This is not a very serious limitation because the adhesives are mostly 
brittle, breaking with little or no creep. 
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§ 2. TORSION JOINTS 


The simplest stress distribution occurs with joints subjected to pure shear, 
as happens with the two circular co-axial thin walled cylinders of Fig. 34 
which are joined end to end and sub- 
jected to torsion. Then the adhesive, as 
well as the walls of the cylinders, will 
be under pure shear equal to the applied 
torsional moment M divided by the glued 
area and by the mean radius of the 
cylinder: 
M 

a err 
This shear stress is the same throughout 
the joint and for this reason such joints 
break at high loads; “Redux” joints be- 
tween mild steel cylinders, give failing 
Fig. 34. Thin-walled metal cylinders Stresses of the order of 8.000 p.s.i. in 
joined end to end and subjected to shear. This limit is much greater than the 
torsion. The adhesive is in a state 

of pure shear. apparent mean shear strength of lap 

joints, because as will be seen, the latter 

develop peak stresses at each end of the overlap. 

It should be noted that for the torsional joint, the radial strain (change 
in thickness ¢) is zero and therefore whatever the elastic constants 
of adherends and adhesive, there will be no radial stress due to differen- 
tial radial strain. 


T 


(1) 





§ 3. BUTT JOINTS 


A striking example of non-uniform stress is provided by a layer of an 
elastic adhesive subjected to tension or compression between two parallel 
flats. It might at first be supposed that the stress, like the applied normal 
strain, is the same everywhere in the layer. This would happen only if, 
under the action of the normal stress, neither the plates nor the adhesive 
tended to deform laterally or did so by the same amount, in other words 
if the ratio m : E of Porsson’s ratio to YouNG’s modulus were the same 
for both materials. Thus for example the stress distribution will obviously 
be uniform when layer and flats are of the same material. It will again be 
uniform if the flats are of a very hard material like steel and the laver of 
a much softer material but having a proportionally lower Porsson’s ratio, 
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as for example cork, which shows hardly any lateral expansion when 
compressed: for both materials m : E ~ O and the stress should be uniform. 
_ This condition is seldom, if ever, fulfilled in practice where the ratio 
mF is usually higher for the adhesive layer than for the butt-joined 
adherends, so that the tendency for lateral deformation will be unequal 
in the two materials. In regions distant from any edge the material of the 
layer is laterally restrained and accordingly lateral stresses will develop; 
in regions near the edges and on the free edges themselves the material 
of the layer is not supported laterally. The only restraint is imposed by the 
adhesion on the interfaces on which shearing stresses will develop. Near 
the edge the normal stress can reach a considerably higher value than in the 
centre areas, or, otherwise expressed, a stress concentration will develop near 
the edges. The plane problem of a plate compressed or pulled along two 
parallel edges by two perfectly rigid plates to which it firmly adheres has 
been solved approximately by TimosHENKo! who used polynomials and 
gave a numerical solution for a square plate, and by Wirrrick and Howarp? 
who developed a relaxation method for mixed boundary conditions, i.e. 
where boundary conditions are specified in some part as stress conditions 
and in others as displacement conditions, and applied it to a rectangular 
plate of length 21% times its width pulled lengthwise. Both solutions 
confirm the existence of a high stress near the corners of the plate, but 
both are of increasing inaccuracy as they near these points, the relaxation 
method breaking down completely there. 


§ 4. SIMPLE LAP JOINTS 


The commonest type of joint is the lap joint in which two sheets overlap 
and are fixed together by a layer of adhesive between them. Loading in 
the plane of the sheets produces varying shearing and tearing stresses in 
the adhesive as well as on the glued faces and in the material of the sheets. 
The joint may fail either in the adhesive or on an interface or even in the 
joined members according to the highest stresses developing at each of 
these parts and to the strength of adhesive, adhesion and adherends. The 
interfacial adhesion of modern adhesives is high so that the failure mostly 
occurs either in the glue as, for example, with metal-to-metal joints, or in 
the adherends as happens with wood joints. 

The stress is not uniform along a lap joint and the peak stress may be 
several times higher than the apparent or mean stress, defined as the load 
divided by the glued area. The peak stress and its ratio to the mean stress, 
in other words the factor of stress concentration, are markedly dependent on 
the geometrical proportions and the elastic constants of the materials of 
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the joint. Though the thickness of the glue layer is known to affect the 
ultimate strength of the glue, yet at present the strength of adherends and 
adhesive will be assumed constant and the strength of a joint will be taken 
to depend only on the peak stress. Before proceeding to calculate the value 
of this stress it is thought useful to give some evidence of its existence 

and some general idea of the behaviour of a lap joint under tension. 
The breaking stress is found to be independent of the width of overlap 
but diminishes with increasing length of overlap. This was shown by 
N. A. DE BrRuyNE”® 





10000 i: in the diagram of 
4 r Fig. 35 where the 
6 » 14000 ve 

ane Ow g failing load and the 

a © fe a. : 

ss % = = apparent breaking 

ge Some £ stress of a simple 
‘s “@ -30002 « - 

ee *| =. lapjoint made oftwo 

3 aoos{ & ips 1 in. wid 

5B : & steel strips 1 in. wide 

sh noon 2d Fin. thick joined 
as together by the Re- 
dux process, has been 
200 
: plotted against the 
1000 


length of overlap. 

The failing load is 

proportional to the 

Cisne overlap only as long 

Fig. 35. Failing load P and mean failing stress r of lap joints. 25 this is shorter than 

about } in. but for 

longer overlaps it tends to become constant while the apparent stress 

falls off considerably. Thus an increase in overlap from 1 in. to 2 in. 

taises the breaking load from 4300 lb. to only 5000 and reduces the apparent 
stress from 4300 to about 2500 p.s.i. 

A similar behaviour has been noticed in side fillet-welded joints between 
steel plates, where the stress was not found to increase as expected when 
the overlap and the fillets were lengthened, as is explained in a review and 
general discussion of the strength of fillet welds by E. P. S. Garpner 3. 

This behaviour is due to the concentration of stress at the ends of the 
overlap owing to two main causes, namely to the differential strain of the 
joined members and to their bending, as is explained below. 





(a) Differential Strain 


The stresses arising from the differential straining of the joined members 
References p. 142 


4 SIMPLE LAP JOINTS 95 


can be understood by the comparison between a joint with very stiff non- 
deformable members and one with extensible, though non-bending mem- 
bers. In both cases the adhesive layer is taken of exaggerated thickness for 
purposes of demonstra- 
tion. (Fig. 36a). The non- 
deformable members will 
move as solid blocks and 
the adhesive will suffer 
shear strain‘and deform 
SO as to accommodate the 
displacement e of the 
members (Fig. 36b), which 
will be the same through- 
out the joint. But each 
member bears the full 
load P just before the joint 
and transmits it gradually 


to the other through the 


Fig. 36. Schematic explanation of the shearing inthe adhesive. Thus the stress 
adhesive: (a) unloaded lap joint, (b) loaded joint with ; 
inextensible adherends, (c) joint with elastic adherends. of member I will be 


highest at 4 and gradu- 
ally diminish towards.B where it will be zero. On the contrary the 
stress of the member II will be highest at B and diminish to zero at A. 
Of course this variation of stress is unimportant as long as the members I 
and II behave as absolute solids, but if they are extensible and obey the 
laws of elasticity these members 
will develop strains propor- 
tional to the existing stresses. 
The picture of the deformation 
will be as in Fig. 36c and the 
originally corresponding points, a 
B, C near the middle of the joint 
and D, E at the end will be 
displaced by unequal amounts ¢, 
ande, respectively,the end displa- i.e: 
cement being considerably lar- 
ger, and therefore resulting in . bo PR eho: 
a higher stress in the adhesive at Fig. 37. oie seas beg A (b) 
each end of the overlap. This 
has been confirmed by various tests which showed that the failure starts at 
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the edge of the joint 4. The above are also confirmed by the higher strengths 
of joints with tapering members (Fig. 37a and 35), where the differential 
strain and the resulting stress concentration at the edges are considerably 
reduced. The cross-section of each member diminishes as the load borne 
by each member, thus producing almost constant stress and strain through- 
out the overlap and resulting in equal and smaller displacements. This has 
been proved by extensometer readings as well as tests to destruction $ 
which showed that the joint efficienty 7.e. ratio of apparent breaking stress 
to the strength of the adhesive, could be raised to 80% by the use of 
scarfed joints (Fig. 37b). The tensile stress component which then develops 
in the adhesive can be kept small by splicing at a sufficiently small angle. 
Nevertheless it should be noted that this increase in strength might be 
due to the central loading and the subsequent absence of bending, such as 
is examined in the next paragraph. 


(b) Eccentricity of Loading 


The members of a lap joint are necessarily offset by at least their thickness s(Fig. 
38a), and the line of pull joining the points of application of the loads P will 
be oblique and pass through 


f p t p the midpoint of the joint. Just 
A M="e Ps before the beginning of the 

{ — ; overlap the line of pull will 

be along the inner face of 


each member (Fig. 38b), pro- 
vided of course that the length 
of each member beyond the 
joint is considerably larger 
than the overlap. The eccen- 
tric loading of each member 
will give rise to a bending 


rey) 
Co 
iw) 

a 


moment M = $Ps (Fig. 38c) 

| which will tend to pull the 

P M=YoPs members apart. Under this 

J | é moment the members, if long 


enough, bend and the joint 


Fig. 38. Schematic explanation of the bending distorts as in Fig. 38d. This 


of the adherends and of the resulting tearing i 
Stresses at the ends of the overlap: cetormatiog fC 
(a) Lap joint before the detormation. tearing stresses because,when 
(b) Eccentricity of loading near the overlap. i 7 
(c) Bending moment near the overlap. : thus deformed, the line of pull 
(d) Final deformation of the joint. ‘ls nearer to the central axis 
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of each member and therefore the bending moment is less. Thus it is seen 
that all by itself the joint assumes the least strained position, or in other 
words deforms to the shape involving the least amount of strain energy. 

The stresses developing i in this way are tensile and normal to the interface, 
and are called “tearing” of “peeling” stresses; they are confined to the 
areas adjoining the ends of the overlap and may considerably reduce the 
strength of lap joints. The tearing stresses have been long overlooked in 
the-calculation of joints but are fully considered by GoLANp and RerssNER 
(see § 6). 


§ 5. VOLKERSEN’S ANALYSIS OF LAP JOINTS ® 


This analysis is concerned only with the stresses arising from the differential 
straining in lap joints and does not examine the tearing stresses resulting 
from the bending of the members. The bonded members are assumed to 
be in pure tension and shear stresses are examined in the adhesive layer 
only, their maximum being found at each end of the overlap. The adhesive 
layer is assumed of uniform thickness and its ends are plane and normal to 
the direction of application of the load. 

For materials of Hookean elasticity the factor 2 of stress concentration 
—ratio of maximum shear stress to mean or apparent stress —is found to be: 


VW — 1+ cosh VAV 


ea = A/V ————— (2) 
Te sind WV AW 
at where: 
W=10 
/\ = GE/E,d (2a) 


ie W = (E,5, + Bose)/Fisy 


and £,, F,ands,,s,are the 
Youne’s moduliand thick- 
w220 messes of the adherends 
and G, d the modulus of 
rigidity and thickness of 
the adhesive layer as in 
Fig. 39. 

Formula (2) has been 
put in the form ofa graph * 
(Fig. 39) which gives the 
“O12 345 6789 10N 1213 1415 factor # in terms of A for 


various values of W. The 
Fig. 39. The factor of shear stress concentration of lap 3 
joints as a function of A and W. ratio of maximum to ap- 





1 oe 
* The graph for the inverse quantity = oa is given by N. A. DE BruyNe’ 
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parent shear decreases rapidly with /A. For the limiting case of A +O, 
Tmax./T, —~ 1 and the shear stress is uniform throughout the joint. For 
members of the same size or of thickness inversely proportional to their 
Younc’s moduli W reduces to 2 and (2) can be written: 


n= 2A (cothV 2A + sec bY 2A) 
or 

n= A/2coth) A/2 (3) 
or otherwise: 


n =f (A) 


Thus it is seen that the factor n of stress concentration is a function of 
a single dimensionless coefficient A, which therefore is the factor of 
similarity for the comparison of lap joints. For the comparison between 
joints of the same material and glued under the same conditions, 


N. A. DE BRuyNE”® uses the “joint factor” Vs[2 which is simpler than / 
but has the dimension of (length)? and its value depends on the units 
used; yet it is most useful when the thickness d of the adhesive is unknown 
in absolute magnitude, though it is known to be the same owing to the 
similar conditions of gluing. 


§ 6. THE THEORY OF GOLAND AND REISSNER 1° 


In spite of a few simplifications and approximations this is the most 
tigorous mathematical study of the stress distribution in glued joints and 
it is considered useful to review it fully. Though the concluding formulae 
for the calculation of the stresses are rather too complicated to be of 
practical use, yet their graphical representations are simple and could be 
used in practice with great advantage. 

The deformation of the glued members beyond the joint is calculated 
by the finite deflection theory of cylindrically bent plates and characterised 
by the ratio & of the existing bending moment just before the joint, to the 
value of this moment for inflexible members: 


1 = (See. ae 
Por ey2 tanh 50-2 Vet (4) 
En = Younc’s modulus and Porsson’s ratio of members 
= length of overlap 
5 = thickness of either member 
. pP = mean tension of members away from overlap. 
The dimensionless factor & which appears invall the stress formulae depends 
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on the geometrical proportions of the joint (é.e., / and s) as well as on the 
elastic properties (é.e., E and ») of the members, but also on the tension 
p of the members, and therefore changes with the load. The value of & 
is unity for undeformed members either because of their stiffness or because 


of the small load 
applied. For in- 
creasing flexibili- 
ty or load, & di- 
minishes tending 
towards zero as 
a limit, though in 
practice it re- 
mains above 0.35 
as is shown in 
Fig. 40. 

Once the defor- 
mation of the 
joined members 
and the resulting 


k 1.00 
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Fig. 40. Graph of the factor & characterising the extend to 
which the adherends bend. 


stresses are known just beyond the beginning of the overlap, the stress distribu- 
tion in the joint itself is calculated as a problem of plain strain for the extreme 
cases of adhesive layers too thin and stiff to affect the flexibility of the joint, 
as well as of thick deformable layers which are the main cause of flexibility. 
If dis the thickness of the adhesive layer, s the thickness of either member 
and &, G and £., G, are the Youna’s and shear moduli for the members 
and adhesive respectively, then the first case is specified by the conditions: 


dis @—ii s 


nee opt 5 
Baie BG 10--G ©) 








and refers mainly to wood-to-wood joints, while the second concerning 
mainly metal-to-metal joints and gap joints, is characterised by the con- 
ditions: 

s 


ibe fs sel 
Oat) fs 8 tS 40 1G, 


a 


< (6) 








(a) Thin Adhesive Layers 


The existence of the layer itself is disregarded, the whole joint being 
considered as consisting of a continuous homogeneous material and the 
calculated stresses are those of the members, though along the glue line 
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they can be assumed to be equal to those of the adhesive layer. Yet this 
assumption is not indispensable as this part of the present analysis refers 
mainly to wood-to-wood joints which, when joined with the modern 
synthetic adhesives, always fail in the wood and not in the adhesive, so 
that the highest stress in the members is more interesting than the highest 
stress in the glue. Of 
course all glues are not 
as strong and then the 
highest stress in the 
adhesive determines the 
strength of the whole 
joint. 

The values of the 
shear stress t and the 
tearing stress o; in the 
glue as wellas the longi- 
tudinal tension o, of 
the innermost member 
fibre are given as con- 
verging series. Their 
ratios to the mean 
member stress p as they 
vary along the glue line 
are shown in Fig. 41 
for the special case of 
& = 1 (rigid members). 
The highest stresses are 
confined within a dist- 

ance from the edge 
Courtesy of Goland and Reissner 


Fig. 41. Longitudinal and transverse tension and shear equal So about twice 
stress as functions of the distance from the edge of the the thickness s of the 


overlap for & = 1. members. At the very 
edge both o; and og are highest (4.3 and 4 respectively times higher than 
the mean member tension /), while the shear stress is zero but rapidly 
increases to a maximum of about 0.8 p within a distance of 0.15s from the 
edge and diminishes to zero again at about 2s. The peak values of these 
stresses are considerably affected by the bending of the members (value 
of &) and Fig. 42 gives their variations as functions of &. With increasing 





: Wie a Aa 
member tension p the value of &and of the maximum ratios — , _', © decrease. 


P Pp 
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eer 
a 


Thus a change of & from 
1.0 to 0.4 reduces o, from 
4.3p to 2.1p ant t from 0.8) 
to 0.45p, though of course 
the absolute values of these 
stresses increase with p. It is 300 
found that the _ stress 
distribution and the values 
of the peak stresses are in- 54, 
dependent either of the 
relative dimensions of the 
joint or of the physical pro- 
perties of the adhesive. Thus 
for joints with thin inflexible 
adhesive layer the stress 
concentration is confined 
around the ends of the over- k 

lap and its magnitude depends asd ioe ry ana 


Fig. 42. Reduction of the stresses resulting from the 
only on the value of &. bending of the adherends (diminishing value of &). 





(b) Flexible Adhesive Layer 


In joints with a relatively flexible adhesive layer, for example in metal-to- 

metal joints, both the shear and the tearing stresses have their maximum 

values at the edge of the overlap. The shear - stress - concentration factor ” 

(ratio of maximum shear r,,,, to mean shear T,,) can be put under the form: 
eee cos 

fixe “Tt coy 2 kh ye ay” (7) 

which is reminiscent of formula (2) found in the simplified way of 

VOLKERSEN. The factor # is again a function of /\ but & is also introduced 
to take account of the effects of the bending: 


n=f (jf, 4) (7a) 


The variation of ” with / for various values of & is given in the diagram 
of Fig. 43 which is simpler than the corresponding graph given by GOLAND 
and REISSNER !°. As in VOLKERSEN’s analysis the shear stress is uniform 
(n = 1) irrespective of the value of /\ as long as this is smaller than about 


* Found from the corresponding formula of Goranp and RetssNer by introducing 
the shear stress instead of the mean tension p, and the factor A given in formula (2a). 
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0.1, but the stress concentration increases rapidly for higher values of 
A and for /\ 2 2 becomes practically proportional to A (curves become 
straight lines). In fact for A Z 2 formula (7) can be simplified 15 to: 


nvddt+3eV2A+20—* (8) 
The bending of the mem- 
1a bers (& small) is seen to 
have a reducing effect on 
a7 the highest stresses. 


The maximum tearing 
stress ¢,,,, developing at 
the edge of the overlap 
is found in terms of the 
mean tension p of the 
members as a function of 
Js, k, and y, where y is a 
factor depending only on 
the relative flexibilities of 
members and glue layer: 





y!=6E,s/Ed (9) 


Fig. 43. The factor # of shear stress concentration in 
lap joints as a function of A. 


and Omax = P £,(//s, k, y) (10) 


GoLanpD and REIssNER !° give a graph of this formula for various values 
of &, using as abscissa the products y//s. If, however, (y//s)? is taken as 
abscissa the graph becomes as in Fig. 44; although //s does not cancel out 
of (10), yet the graphs consist of almost straight lines, at least for (y//s)? 2 20. 
C. Mytonas}!® found that the approximate simplified formula will be: 


fy = Omax/p ~ $k y* * (11) 


This formula is of considerable interest since it presents the factor of 
tearing stress concentration m, as a function only of & and y and therefore 
independent on the overlap / except in so far as this is contained into &; 
in other words the overlap / influences the tearing stress only by affecting 
the deformation of the members. For increasing load the factor & and 


therefore », diminish, though o,,,, increases in magnitude but slower than 
the load. 


* A better value would be (0.485 & + 0.015) y? giving an error of less than 1 %, yet 
sky? has the advantage of simplicity, is absolutely correct for & = 1 and introduces 
an error increasing up to at most 4% for & = 0.4. 
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For the comparison of the relative intensities of shear and tensile stresses 
C. Mytonas #5 found it useful to relate the tearing to the shear stress and 
introduced the factor #, of tearing stress concentration as the ratio of the 
maximum tearing stress g,,,. to double the mean shear 1,, 


Mg = $0 max/Tm ~ § ky*p/[(2 ps/l) = § ky*l/s (12) 


Introducing the value of y from (9) and substituting the shear modulus 
G, to the Youne’s modulus E£, of the adhesive with the help of the relation 
between the elastic constants: 


E, =2(™, + 1) G,, 
where Potsson’s ratio m, is taken as 0.33, it can be found that: 


piece =s 
ey (12a) 





m=tk| 


A partial blending of the theory of VoLKERSEN with that of GoLanp 
and REISSNER is made in a paper by F. J. PLANTEMA "in which the differential 


strain of the 
CE e [ears ia Ae i ee 


members (see 
wnat et 





Fig. 36) is | 8140 
calculated by 
the method of 
VOLKERSEN 

and formulae 














similar to (2) a3 

and (3) are 

found for the 60 

shear __ stress 

concentration 60 

at the edges of 

the overlap. 40 

This is follo- 

wed by the a 

calculation of 

the bending 

moment (Fig. 0 70.20. 30. 40. +50. 60 70 
38c) and the re- . vi/s2 


sulting stress Fig. 44. The factor , of tearing stress concentration. 
on the glued 
faces of the members at the edge of the overlap. The deformation of these 
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members is then taken into account by introducing the factor & taken 
from GoLAND and ReIssNER and the total differential strain of the 
members due to both tension and bending is used for the correction of 
VOLKERSEN’s formula. From PLANTEMA’s results the factor of stress concen- 
tration can be found as equal to: 

n= = VEAA+32) coth /PAA+3 2) (13) 

m 

No calculation is made of the tearing (tensile) stresses. 

A method of calculation similar to VOLKERSEN’s is given by H. GRANHOLM 
in a recently published book? in which the same principles are used for the 
calculation of the shear strength of composite beams and columns. The 
only difference in this method is that a coeflicient of deformation of the 
binding material (nails, wedges or corrugated rings) is used instead of 
the quotient G/d of the shear modulus by the thickness of the adhesive 
layer. This coefficient covers also the deformation of the joined members 
and is determined experimentally in each particular case. 

The same method has been used by H. HovGaarp!* and H.W.TRoEtscH4 
for the calculation of the stresses developing in side-welded steel plates, 
the experimental coefficient being termed ‘‘detrusion ratio”. 

A full exposition and critical comparison of the various theories 
may be found in reference }. 


§ 7. COMPARISON AND DISCUSSION OF THE RESULTS 


The formulae for the shear stress obtained by VoLKERSEN, GOLAND and 
REISSNER for joints with flexible adhesive layers, and finally by PLANTEMA, 
are of the same type and can be easily compared. Noting by the subscripts 
V, GR and P, the factors of stress concentration found respectively by 
each of the three methods, we have for & = 1 (inflexible members): 


nm =VEAcoby eA (3) 
cr = np = 2 A cothy 2A (14) 
But for A 2 4, coth V4 A X coth V2 A ~1,and therefore: 
ny 4 FON 
ncr = mp ~V 2A, (16) 
or NGR = np — 2ny 


and therefore for long joints (A 2 4) the maximum shear as found by 
VOLKERSEN will be only half as big as calculated by the other two theories 
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(see also § 8 on double lap joints). For smaller values of /\ this difference 
diminishes and for (A < 0.3 all factors of shear stress concentration are 
nearly equal to unity, /.e. for very short joints the shear is uniform through- 
out the overlap. 

A pronounced flexibility of the adhesive as compared with the adherends 
—i.e. E, and G very small in comparison with E—also results in small 
values of /\ and y and as such an adhesive cannot be very strong the applied 
loads will not be such as to produce a severe bending of the adherends 
and & can be taken as unity. Then the factor # is unity and n, is nil and 
therefore the adhesive will be uniformly sheared throughout its length 
and the strength of the joint will be proportional to the overlap. Such a 
good confirmation of the theories was experimentally obtained by tests 
on lap joints with the rubbery adhesive Pliobond 1. 

For decreasing &, 7, and #, diminish and differ. Their difference is 
stronger for high values of /\. For diminishing & the difference increases 
and for &—0 (very flexible members): 


np —> /ta coth Ja = ny (17) 


In other words for very flexible members PLaNreMa’s results should 
coincide with VOLKERSEN’s. 

As a general rule the bending of the adherends has a reducing effect on 
the highest stresses, as can be seen in all the previous formulae and graphs 
which give smaller stresses for diminishing values of &. 

In conclusion it can be summarised that in lap joints the highest stresses 
develop at either end of the overlap and that the ratios of these stresses to 
the mean stress are smaller, 7.¢., the joint is stronger for: 

(1) Short overlap 

(2) Thick adherends 

(3) Thick adhesive layer 

(4) Low stiffness of adhesive as compared with the adherends 

(5) Easily bending members. 

It is necessary to repeat that these are the results of a more or less rigorous 
investigation by the theory of elasticity and give the approximate highest 
developing stresses resulting only from the external loading and for 
adherends and adhesive which are isotropic and follow Hooke’s law, 
whereas the actual strength of the joint depends also on the existence of 
initial stresses and on the strength of the adhesive itself which appears to 
be influenced by the thickness of the layer (see § 12). Furthermore the 
elastic behaviour of both adhesive and adherends may be far from isotropic 
and Hookean, thus to some degree invalidating the theoretical results. 
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The effects of these factors on the strength of joints are discussed in the 
next paragraphs. 

The results of these theories are not all compatible with the actual 
conditions in the adhesive layer. Thus all theories find a maximum shear 
stress on the very edge of the glue layer at each end of the overlap and 
yet this edge, being a free boundary, can develop only tangential tension 
or compression but no shear, which should be zero at this very place. 
This incompatibility arises from the assumptions on which the theories 
are based. > 

For thin inflexible adhesive layers GoLAND and REISssNER consider the 
joint as continuous and homogeneous and assume that the adhesive will 
be subjected to the stresses which develop along the glued plane, while 
for deformable adhesive layers they work on the same principle as 
VOLKERSEN, namely they calculate the stresses in the adhesive from the 
relative displacements of the joined members and the elastic properties of 
the adhesive by assuming that these stresses are constant within any cross- 
section, 7.e., do not vary in the direction of the thickness of the adhesive. 
In either case the results will be accurate in the inner parts of the joint, 
while in the areas near the ends of the overlap and in particular on the edge 
itself this method of analysis is bound to lead to inaccuracies. However 
small the thickness of the adhesive layer might be, it has to be taken under 
consideration for the stress distribution in areas distant by the same order 
of magnitude from the edge. The adhesive layer should be considered as 
a Slab of the same thickness and loaded on either side by the stresses which 
are found along the glued plane. As was seen in the paragraph about butt 
joints, even simple tension or compression of such a slab between two 
undeformable flats does not create a field of uniform stress, the edges 
introducing considerable irregularities which extend to a depth of the 
same order of magnitude as the thickness of the layer. Similar irregularities 
will unavoidably appear along the edges of the adhesive layer at either 
end of the overlap and though extending to a very small depth should 
nevertheless considerably affect the strength of the joint since the highest 
stresses occur in that same area. 

The effect of the edge is all the more difficult to find because its shape is 
unknown. By the photoelastic tests described later (see Part II § 5 and 6) 
the stress along a semicircular glue boundary is found to vary from tension 
on the one side to compression on the other, which confirms the expressed 
opinion that at least near the edges the stress should not be assumed to 
remain constant in any cross-section, while the maximum value of this 
boundary stress is substantially higher than its corresponding theoretical 
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value. Other shapes of glue boundary may give even greater stress con- 
centrations particularly if they include sharp re-entrant corners or cracks. 
As is well known in engineering design such sharp corners produce very 
high stress concentrations and are one of the main causes of failure both 
in statically but chiefly in repeatedly loaded structures. The stress developed 
at the free glue boundary needs a careful investigation. Some preliminary 
experiments as well as the research now in progress are given in Part II 


§ 4-6. 
§ 8. DOUBLE LAP JOINTS 


The outer strips II and II (Fig. 45) of a symmetrical double lap joint 
cannot be subject to any bending as this would be of opposite direction 
for each of them and would result in 

a change of the distance between them; 

if such a change is prevented by the mem- 

hp I ee A bers I and IV which act as spacing 


blocks, at least when they are near enough 
to each other. Therefore assuming the 
members I and IV to be twice as thick 
as II or III and imagining the double 
joint to be divided into two equal parts 
(Fig. 45b) each composed of two simple 
Fl @) @) lap joints in series, subjected to ten- 
LV TY 


sion without bending, we can apply 
VOLKERSEN’s theory which is based on 
such an assumption. According to the 
results of the comparison made in §7 for A 
= 4, each of the two joint of Fig.45b should 


he] vel be twice stronger than if the bending oc- 
curred while for A 2 0.3 no appreciable 

: difference should appear. This is suppor- 
a ted by the results of tests of double lap 


joints 16 which are illustrated in Fig. 

Fig. 45. The symmetrical double lap 46. The upper curve gives the stress 
ponies at failure of either member of double 

lap joints of varying overlap, made of Alclad and joined with Redux, 
the members corresponding to I and IV of Fig. 45 being 2 mm 
thick, and III and IV being 1 mm thick. The lower curve gives the 
failing tensile stress of simple lap joints of the same overlap and 1 mm 
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thickness. The adhesive layer had a thickness of the order of 30 microns 
and therefore with G for Redux of the order of 100000 p.s.i. and 


E = 10000 000 it can 
be found that A = 4 
for /~ 8 mm and 
A = 0.3 for /~ 0.6mm. 
In accordance with the 
theoretical prediction 
the two curves doin fact = 
coincide for /< 1 mm | ——|Simple|lap joint 
but quickly diverge eel 

for increasing overlap, 
reaching a maximum 
ratio of about 1.65 
for /~ 6, though for 
higher values of / they Overlap mm 


tend to converge again Courtesy of the Nat. Luchtvaartlaboratorium, Amsterdam '* 


as the strength of the Fig. 46. Comparison between experimental curves for the 
strength of single and double lap joints. 


Member tension in kg/mm? 





double joint is limited 
by the yielding in the Alclad sheets (See also § 9 on the effect of this 
yielding). 

If the members I and IV of thickness 2s were joined to each other by 
simple overlap of the same length / as before, for A = 4 and = 1 the 
strength according to GoLaNp and REIssNER would be (formula 16): 


Py = 1+ tmax/tGr = / tmax// 2 GH/2 Esd = Tmax// G/Esd 


while for the double joint it is (formulae 15): 


or 2.8 times higher. It is obvious that symmetrical double joints are 
preferable to single lap joints. of the same overall dimensions. 


§ 9. GAP JOINTS 


Usually the gap between the adherends is too small in comparison with 
their thickness and is overlooked in the calculation of the bending due to 
the eccentricity of the loading. In such cases the previous formulae will 
have a direct application, though it should be kept in mind that unless the 


adhesive is of the gap-filling type it may have a strength dependent on the 
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width of the gap (See § 12 “Residual Stresses”). Occasionally the gap is 
wide compared with the thickness of the adherends and then the eccentricity 
of the loading and the resulting tearing stress increase substantially. Such 
gap joints made out of three-ply board as in Fig. 47 are used for the testing 
of plywood glues. In this case the eccentricity of the loading of the outer 
ply at the bottom of the grooves 
is s and the bending moment is 
Ps, twice as highas in the simple 
overlap (Fig. 38). This increase 
of bending moment can be ex- 
pressed by a factor & equal to 
2. Before any bending takes 
place the factor of shear stress 
concentration (formula 8) and 
the factor of tearing stress con- 
centration (formula 11 or 12) 
for large A, will accordingly 
increase to about 1.75 times 
and 2 times their values for 
thin gap joints. The members 
are very stiff except at the bot- 
tom of the grooves which 
nevertheless are not wideenough 
to allow any appreciable bending 


Fig. 47. Schematic explanation of the mecha- jn the elastic region: as a result 


nism of failure of three-ply board test-speci- ; : 
mens, which ia roar why these are half as MO relief of stress by bending 


strong as similar lap joints without the inserted takes place as in Fig. 38. 
third layer. ; 

Furthermore the tensile strength 

of wood ina direction normal to 

the grain is smaller than its strength in shear and therefore failure will 
depend on the tearing rather than on the shear stress. Thus the strength 
of these three-ply gap joints should be about half the strength of corres- 
ponding lap joints, a fact which is fully confirmed by test to destruction. 
The highest stress appears at the bottom of the grooves of Fig. 47a at 
the corner nearest to the overlap, where the tensile stress due to the bending 
and the tearing stress will be increased by the sharp re-entrant corner. 
This can also be seen in the photoelastic stress patterns of similar joints 
shown in Part II § 4. As a result the failure starts at these places and spreads 
to the actual joint, as can be deduced from the deformation shown in 
Fig. 47b which precedes failure, and by failure itself which always occurs 





c 
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in one of the outer plies very near to their glued face, leaving a thin wood 
skin attached to the adhesive as in Fig. 47c. 

According to this account of the mechanism of failure of three-ply joints, 
their strength should increase if beyond the joint the adherends were of 
the thickness ofa single ply, thus easily deforming and allowing a reduction 
of the bending moment. 


§ 10. INFLUENCE OF THE MECHANICAL PROPERTIES 
OF ADHERENDS AND ADHESIVE 


The theoretical investigation of the stress distribution in joints assumes 
that both adherends and adhesive are isotropic and obey Hooxe’s law of 
elasticity. The main difference occurs with wood which, though obeying 
the law of proportionality even up to breaking point in tension, if well 
seasoned and rapidly loaded, yet is anisotropic and its mechanical properties 
vary with the direction relative to the grain and with the way of loading; 
it also shows plastic flow under sustained long-period loading. The 
anisotropy of wood has been the subject of special study and for its 
expression a number of independent primary constants have been assumed in 
place of the two —i.e., E and m or G— needed for isotropic materials 17°. 
Thus as regards wood-to-wood joints the theoretical as well as the 
experimental results found with the help of isotropic models can only 
serve as indications of the expected absolute strength. Yet for the relative 
comparison between similar joints the theoretical results are sufficient, 
since the nature and the directions of the developing stresses do not vary 
considerably from joint to joint. But even metallic adherends do not 
always behave elastically, in particular with the modern glues with which 
the yield point of the metal is reached before the glue fails. The yield in 
the members will greatly increase the differential strain at each end of 
the overlap and will precipitate the failure 29, 

In contrast to the yield of the adherends, any plastic flow of the adhesive 
has a relieving effect on the peak stresses of lap joints, since the yield will 
reduce the stiffness of the adhesive, thus reducing the factor A. But the 
effect is even stronger because with adhesives having a yield stress the 
highly stressed ends give way partially and thus redistribute the load more 
evenly throughout the joint. The effect is exactly the same as with the 
yield of the highly stressed end rivets of riveted connections which results 
in a more or less even distribution of the load between the rivets. A similar 
explanation accounts for the paradox sometimes observed when the growth 
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of strength of wooden lap joints is observed over a period of time; the 
breaking load is at first low due to lack of strength in the glue; as setting 
of the glue takes place the breaking load rises. Curiously enough, however, 
it then passes through a maximum (at which failure in the glue layer still 
occurs) and subsequently drops to a value at which, and after which, wood 
failure invariably takes place. At the peak value the joints break in the glue 
layer and at the same time are apparently stronger than the wood. At this 
peak value the glue is not fully hardened and because of its plasticity the 
load is distributed more evenly over the surface of the wood; later the glue 
becomes more brittle and the stress rises locally at the ends of the joints 
to a value which cannot be withstood by the wood. 

For butt joints under tension the plastic flow in the adhesive is dis- 
advantageous unless it is accompanied by work hardening. Consider for 
example a tensile joint consisting of two parallel rigid discs of radius R 
joined by a thin layer of a plastic adhesive of thickness d which behaves 
elastically up to its yield stress ty in shear, while at this stress it is perfectly 
plastic, i.e., elongates without any increase of stress. The stress concen- 
tration which was found (see § 3) along the edge of the glue of butt joints 
will again develop as long as the stress is everywhere lower than ty, but as 
the load increases this limit will be reached and the overstrained material 
at the edge will flow under constant stress, thus reducing the irregularities 
of stress distribution. If then the stress concentration at the edge can be 
neglected, this example, according to N. A. DE BruyNe #, will be very 
similar to the parallel plate plastimeter examined by J. R. Scorr?%, with 
the only difference that the applied load is tensile instead of compressive. 
After the appropriate change of sign the mean tensile stress op, i.¢., load 
divided by area of plates, which just causes plastic flow can be written 
in the form: | 
On = $t, Rid (18) 


As onis inversely proportional to d it follows that the system of the plasti- 
meter is stable because any higher pressure will compress the plates, 
diminish the gap d, and thus automatically increase the mean stress under 
which no yielding occurs; with the plastimeter a limiting gap d can be 
reached for any load. But under tensile load any yielding will increase 
the gap and lower the mean stress at which the yield starts: the system is 
unstable and op is the mean failing stress. For butt joints with such a semi- 
plastic adhesive the strength will be inversely proportional to the thick- 
ness; if the thickness is small the strength may well exceed the tensile 
strength of the adhesive, but then of coure the peak stress at the edges will be 
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the factor limiting the strength since no yield and stress redistribution 
takes place. Tensile tests on glued and soldered joints do in fact show an 
initial rapid fall of strength as the thickness of the adhesive of glued 
and soldered joints is increased °~?? (Fig. 48). The dependence of 
tensile strength on thickness is, however, complicated by other factors 
such as the development of residual strains which are stronger for thick 
adhesive layers (§ 14), the alloying of the solder with the adherends, the 
ever present stress-concentration at the edges, and also the mechanical 
behaviour of the adhesive 






Gre 
complete elasticity to ate 

tui “iS eae 
eee 
can be made with thin E asool} 

layers of pure liquids : 


between optically flat pla- 
tes wrung together *8. 
Thus, condensed water 
vapour gave joints with 


1000 
a tensile strength up to 
87 p.s.i., turpentine 52, 500 
paraffin 62, olive oil 44. 


These liquids were assu- 0 9.02 004 006 008 O10 O12 014 016 
= c Thickness of adhesive layer in inches 
med to be in the form of 


very small droplets in Fig. 48. Depence of the strength of butt joints from the 

: ; thickness of the adhesive layer. The upper curve gives 

large mumbers adhering the strengths of joints between nickel adherents, the 

to both plates. The sur- lower curve those between aluminium adherents. 
: The adhesive is a shellac composition. 

face tension along the 


perimeters of all these droplets was calculated for paraffin to cor- 
respond to about 1.3 p.s.i., which was insufficient to explain the high 
strength observed. On the contrary the existence of droplets diminished 
the working cross-section and the true stresses were estimated to be 
871 p.s.i. for water, 514 for turpentine and 614 for paraffin. Such strengths 
should be expected: according to STEFAN’s formula (See Chapter 3: The 
Rheology of Adhesives, p. 33) the product of the mean tension o'm by 


the time ¢ of pulling apart is: 
O' mt = Rv Rd? (19) 


Thus this product is proportional to the viscosity » of the liquid adherend, 
to the square of the radius R of the arcas in, contact and inversely propor- 
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tional to the thickness d of the liquid layer. Of course no such joint will 
be stable since even a small stress will cause the failure if it is applied for 
a sufficiently long period. Yet if the time needed for rupfure is very long, 
the joint could be regarded as stable. Comparison of joint strengths should 
be done with due consideration of the breaking time. 

However it should be pointed out that STEFAN’s formula is founded on 
the assumption that the liquid flows between the plates when these are 
pulled apart, in other words that the liquid gives way in shear. Yet when 
d or ¢ are very small the tensile stress o, predicted by formula (19) may 
reach a value which cannot be withstood by the liquid: failure will occur 
in tension and this formula will be valid no longer. The lack of propor- 
tionality between Bupcert’s results and the viscosity of the liquids 
used may be attributed to the same cause. When pulled apart under usual 
conditions—for example, a drop between the thumb and fore-finger—liquids 
appear to have no tensile strength, but it will be noticed that the “failure” 
is a result of lateral flow of the liquid resulting in considerable lateral 
contraction or “necking” due to the absence of shear strength. The true 
tensile strength of a liquid can be found when lateral contraction is 
prevented. Thus water was subjected to a tension of 350 atmospheres 2° 
and ethylether to a tension of 70 atmospheres *°. The ultimate tensile strength 
of liquids can be calculated by the theory of nucleation from the energy 
required for the formation of a failure-initiating bubble *!. The corres- 
ponding tension is very high; at room temperature it is 1320 kg/cm? for 
water, 138 kg/cm? for ethyl ether and 22 300 kg/cm? for mercury. The 
strength is found to be almost independent of the time of application of 
the tension and proportional to the power aa of the surface tension for 
the liquid in contact with its vapour. 

But liquids are not the only adhesives to give butt joints with strengths 
considerably higher than their “apparent” strength, provided the gap is 
small enough. For instance, KonsrANTINovA ®® found the strength of 
thin layers of solid paraffin between parallel plates to be higher than—about 
double—the tensile strength of paraffin. The explanation should be sought 
in the mechanism of the failure in the joint as compared with the actual 
tensile strength test. For example, when testing a rod of mild steel in tension 
we speak of tensile stress though the material fails in shear, as is shown 
by the Lueper’s lines and the cone of fracture which are at 45° to the 
direction of pull. The same can be said of all plastic and ductile materials: 
even when tested in tension they fail or start failing in shear because their 
resistance in shear is smaller than in tension. But in the thin layer between 
the two flats, the adhesive is constrained from deforming in shear 
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and more or less purely tensile stresses develop to which it can resist more 
than to shear, hence the higher strength obtained when the gap is narrow 
enough to guarantee this constraint. This is also clearly shown by experiments 
by Orowan, Nye, and Carrns#?, executed in 1945 and receltly published 
in a review on the fracture and strength of solids by E. OrowAn*, in 
which a joint made of a thin disc of tin, 0.4 mm thick and ¥, in. in diameter, 
welded by pouring molten tin between the flat ends of mild steel rods 
failed at a means stress of about 1250 kg/cm?, while the strength of cast 
tin was 225 kg/cm? and even after correction to the “true” strength in 
notched bar tensile tests could not have exceeded 400 kg/cm?. The transition 
from ductile failure at the circumference of the neck of a tensile specimen 
or at the edge of the notch of a notched specimen to brittle failure at the 
interior is also a proof of the above theory. The experiments with thin 
layers between parallel flat plates could be very useful as true tests of the 
tensile (brittle) strength of ductile materials if the strength of the adhesive 
could be dissociated from the strength of the adhesion. 

All the previous discussions refer to the strength of the adhesive, though 
the joint may fail in the adherend, but this is outside the field of a study 
of adhesives, while as mentioned before, failures due to poor adhesion 
ate rare with the modern adhesives, especially with the metal-to-metal ones. 

The factor of time introduced in this discussion is fundamental. The 
striking dependence of the strength on the time of loading, found with 
thin liquid adhesives subjected to tension, is an extreme of the variations 
which happen in normal cases with butt as well as lap joints. All adhesives 
ate plastic or semi-plastic in the meaning that under prolonged loading 
they will show some amount of creep, and therefore the length of loading 
which may allow the yield to take place or which brings failure before the 
yield occurs, will determine whether the adhesive will behave as ductile 
or brittle, #.e., break in shear or in tension. Owing to the considerable 
effect of the time-factor on the strength of joints, a constant speed of loading 
is necessary in order to make any comparison possible, and such a speed is 
fixed by the corresponding test specifications. 

The speed of application of the load will have a different effect on the 
various adhesives and adherends. A base of comparison is offered by the 
concept of the MAxweE Lt relaxation time and from that point of view 
similarity will exist for equal ratios ¢/A where ¢ is the breaking time and 
A the relaxation time. 

In a recent paper MCFARLANE and TABOR %4 study the adhesion between 
solid surfaces under various conditions. The presence of a thin liquid film 
between the surfaces is found to result in considerable adhesion affected 
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by its surface tension and viscosity. The formation of junctions between 
clean metallic surfaces, #.e. of the cold- or pressure-welding, is also studied. 


§ 11. orHER THEORIES 


De Bruyrne’s theory of the strength of butt joints (page 111), together 
with the strength exhibited by liquid adhesives and with the change in 
the mechanism of failure from shear to tension, can give an explanation 
of the inverse relation between strength and thickness of adhesive without 
reference to other theories which are either uncertain or only partially 
valid. Thus the attribution of the high strength of thin joints to long range 
molecular forces by McBarn and LeE®3 is not acceptable in the light of 
present day knowledge. BIkKERMAN*4 attributed the decrease of strength 
with increasing adhesive thickness to the higher probability of occurence 
of a flaw where the failure would originate. However this theory accounts 
for two thirds of the difference and is valid only for brittle materials 
and certainly not for liquids, while plastic materials besides being mostly 
homogeneous, by their plasticity nullify the stress-concentration arising 
from any flaw. 


§ 12. RESIDUAL STRESSES 


The greater number of flaws in thick layers of brittle adhesives is presumably 
due to higher strains and cracks resulting from the contraction of the 
adhesive in bulk. Occasionally these stresses may be high enough to cause 
spontaneous destruction of the joint. The existence of such stresses was 
ascertained by Mytonas 1°66 with the photoelastic pattern obtained from 
slices of gap joints made with transparent glue (Part II § 5), though this 
pattern cannot be used for the quantitative determination of the residual 
stresses because the stiffness and stress-optical sensitivity of the glue vary 
throughout the process of setting. 

The cracking due to the contraction of a material in bulk is also encoun- 
tered in the setting of cement and the remedy is to mix sand which acting 
only mechanically brings an even distribution of the strains and avoids the 
formation of cracks. A similar method is the use of a filler in the glue, 
and experiments with wooden lap joints with a gap of one, two, and 
three millimetres filled with pure ‘“Melocol H” glue *5, showed a 
drop of some 70% in strength from thinnest to thickest; whereas 
when 100% weight of inert filler was added to the glue, the strength 
was constant at all gap sizes and also was considerably higher than when 
pure glue was used. It should be noted that the pure glue joints failed 
in the glue while those with the filler failed in the wood, which 
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explains the uniformity of strength irrespectively of gap size. Photo- 
micrographs of these gap joints showed that the pure glue layer was uneven 
and cracked while the one with filler was uniform without any cracking. 

Another cause of residual stress is the differential thermal contraction 
of adherends and adhesive. The differential contraction is the main cause 
of failure of glass-to-metal seals and will be separately reviewed in § 14. 
Most of the modern adhesives and in particular those used for metal-to- 
metal bonding set at about 100° to 200° C above room temperature and 
considerable stresses may develop during cooling specially when the 
adhesive is brittle. The adjustment between the coefficients of thermal 
expansion of adherends and adhesive by the admixture of a suitable filler 
in the adhesive was found by TuRNER °6 and MEIssNER and MERRIL 7 to 
increase the strength of butt joints, though it should be borne in mind 
that independently of its effect on the coefficient of thermal expansion the 
filler also produced an even distribution of the strains due to setting as 
well as to cooling and this action may have been the more effective of the two. 

Residual stresses develop also by the shrinkage or swelling of the 
adherends owing to changes in their 
moisture content, as is discussed in 
the next paragraph. 





§ 13. sTRESSES IN LAMINATED WOOD 


Every change in the moisture content 
of wood is accompanied by a change 


(eee of volume (varying with species) in 
= a oe ee radial and tangential directions to the 


-_—?) 
pon te ee gtain and therefore any non-uniform 
change of moisture content in a 
laminated wood structure may give 
" By rise to considerable internal stresses 
fam ON: Crinfiller ond Reiter ond may result in the destruction or 
Fig. 49. The shear stress distribution delaminati 
“paki parteet of a double laminated clamination of the structure. The 
eam of whichthe upperlaminateexpands delamination may occur i 
uniformly by absorbing moisture. . 7 . ange = 
changes of humidity which accompany 
the setting of the adhesive or even after a strong initial bond has been 
obtained. 

In practice it has been found that wood members thicker than 1/8th in. 
present more difficulties in gluing than thin ones. It has also been observed 
that the delamination is stronger during drying and the subsequent shrinkage 
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of the laminates rather than during the swelling which accompanies an 
increase in humidity. 

Two simple limiting cases of laminated structures have been investi- 
gated mathematically by Drerz, GrinsFELDER and REISSNER 38 by 
minimum strain energy methods on the assumption of a plane state of 
stress. In the first case a two-layer laminated beam is examined when 
the one laminate expands in width owing to a change m of moisture 
content. Had it been free this laminate would have expanded by e}/, where 
/ is the original width and e, the unit strain equal to av. a being the 
coefficient of moisture expansion. A shear stress distribution similar to the 
one shown in Fig. 49a develops along the glue line owing to the restraint 
exercised by the other laminate. These stresses act in opposite directions 
on the glued sides of the two laminates and curve them as in Fig. 49b. 
The highest stress is found at the edges and is given by: 


Tmax = 0.7 yh 4/ E,Gry (20) 


where Fy is the YouNG’s modulus of the timber in the direction of the 
beam’s width and Gxy the shear mo- 
dulus between the directions of width 
and thickness. 

A two-layer beam with a moisture 
content varying parabolically with 
the depth is next examined (Fig. 50a). 
Such a condition arises when a dry 
beam is suddenly brought in wet 
surroundings or a wet one in dry 
surroundings and before the moisture 
equilibrium throughout the beam is 
reached. If free to deform, each lami- 
nate would assume the curved shape 
of Fig. 50b where the fibres distant b 
by y» from the glue line would tend tal aie gs 5 alain 9 
to expand by: 





Fig. 50. The tensile stress distribution 
across the width of a double laminated 
beam of which either laminate curves 
fy = &p + 9/5? inwards as a result of a parabolic distri- 
bution of absorbed moisture. 
The glue layer exerts only normal 


stresses on the glued faces which keep the laminates flat. The peak stresses 
are found again at the edges: 
Fie es Ole gata d cies 2E,G, (21) 


References p 142 


118 STATIC PROBLEMS CH. 4 


where Ey and Ey are the YOUNG’s moduli of the timber in the directions x 
of the width and y of the thickness of the laminates and Gxy the shear 
modulus between these directions. The highest stress is a compression 
for an outward increasing humidity and tension for outward decreasing 
humidity. 

According to these formulae the stresses developed in two-layer beams 
of various timbers and for a maximum change of moisture content of 
16%, are given in Table 11. 


TABLE 11 
STRESSES DEVELOPING IN TWO-LAYER BEAMS OF VARIOUS TIMBERS 


Max. change of moisture content: 16 % 














Shear stress | Normal stress 
max. p.S.i. max. p.S.1. 
- | 
Edge-grain Flat-grain Edge-grain |  Flat-grain 
| 
Ash 1 850 | 2 160 1 740 | 3 020 
Douglas fir 660 880 940 1 580 
Mahogany 1 060 1 150 910 1 720 
Oak 1 660 2 020 1 360 3 240 
Spruce 420 550 6550 1 130 
Walnut 1 590 1 590 1 330 2 130 











Hard timbers having high elastic moduli develop higher stresses than 
soft timbers, while flat-grain laminations give rise to higher stresses than 
edge-grain ones. This is due to the considerably higher coefficient of 
moisture expansion in the tangential as compared with the radial directions, 
the difference being partly only compensated by the opposite differences 
of the Younc’s moduli in these directions. The stresses given above are 
found theoretically and should serve only as an indication of the relative 
stress intensities to be expected in various conditions of lamination; other 
factors such as the plastic flow of wood and the yield of the adhesive 
doubtless reduce the peak stresses. 

Though showing that peak stresses develop at the edges of the lami- 
nations and are responsible for any delamination occuring, yet the above 
paper does not explain the reasons for the easier delamination of thick 
laminates (formulae do not contain the thickness 5 of the laminates), which 
is attributed to the lack of intimate contact between thick laminates due 
to imperfect surfacing and rigidity. It also offers no explanation for the 
stronger delamination during loss as compared with an equal gain in 
moisture, as has been observed in practice. This is tentatively explained by 
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the plastic flow of wood which is more pronounced at high moisture 
contents and which relieves the peak stresses. The present authors consider 
that this may be one reason for such delamination, but that another cause 
is probably due to the sign of the peak stresses in each case. Thus according 
to (21) a gain in moisture (~>O) gives rise to compressive peak stresses 
while a loss (#”<QO) produces tensile stresses, in which the glue and the 
timber across the grain are weaker. 

Formulae explaining the behaviour of thick laminates can be obtained by 
assuming that the adhesive layer deforms elastically both in shear and under 
normal stresses and that the laminates obey the laws of bending of rectan- 
gular beams *. These assumptions are valid when the flexibility of the 
adhesive layer is considerably higher than that of the laminates, as for 
example in the case of metal sheets glued together with a thick adhesive 
layer, yet they are included in this paragraph because they show the depen- 
dence of the peak stresses on the thickness of the laminates. 

When the top laminate of a double beam suffers a loss m in moisture 
content, the resulting shear distribution in the adhesive layer will be similar 
to the on shown in Fig. 49, the peak shear stresses at each end being: 

Tmax = 0.35 e, BE 4/Gs/Ed (22) 
where G is the shear modulus of the adhesive layer and d its thickness, 
£ is the YounG’s modulus of either laminate and s its thickness, and e}, 
is the unit contraction of the drying laminate which would have taken 
place if no constraint had been exercised by the other laminate. If a is the 
coefficient of moisture expansion: 

& =aem 

In the case of the double beam with a symmetrical parabolic moisture 
change of difference m, the developing stresses are normal to the interface 
and have a distribution similar to the on shown in Fig. 50. The speak stress 
at the edge is: 

Omax ~ — 0.25 &, E 4/E,s/Ed (23) 
where again ¢, = am while E, is the YouNc’s modulus of the adhesive. 
The peak stress is a tension for loss of humidity and a compression for an 
increase. 

It may be noted that the product e, £ resresents the stress o which 
would prevent the laminate from changing its unit length by ep, so that 
the peak shear and normal stresses are given as functions of o. 

The analysis of a single laminate bonded to a rigid base is more compli- 
cated (Fig. 51). Both shear and normal stresses develop when the laminate 


* Unpublished report by C. Mytonas. 
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changes its moisture content by ~, which correspond to a strain ep. Their 
distribution is as in Fig. 51 b and c, the maxima being: 


Tmax = €h Gl, (6, //s) (24) 


Cmax =-— &, & VY, , f/s) (25) 
where 6 = Gs/Ed 


and Y,, Y,, are exponential functions only of 6 and 1/s, increasing with s. 
Thus all formulae contain the term s and the peak stresses expressed by 
them increase with the thickness of the laminates, as has been practically 
experienced. According to formu- 
lae (22) to (25) the stresses can be 
diminished by using thinner or 
d softer laminates as well as thicker 
and more flexible adhesive layers. 
L—____, —____J A theoretical investigation of 
the stress distribution in a rec- 
tangular block solidly adhering 
Ue to an undeformable solid and 
b contracting owing to a temperature 
change has been made by B. J. 
ALECK 99, The mathematical treat- 
6 DS mm Al ment is of the same nature as 
GOLAND and _ REIssNER’s 19: the 

c 


stress normal to the interface is 


Fig. 51. Shear and tensile stress distributions arbitrarily assumed to be: 
across the width of a laminate bonded to 
a rigid base through an elastic adhesive, 

caused by a uniform change of width. Ox =f, (x) +y fp (x) +? A(x) 


and with the help of the differential equations of equilibrium and of the 
boundary conditions the normal stress dy parallel to the interface as well 
as the shear stress Txy are expressed in terms of y and derivatives of f;. The 
principle of minimum strain energy leads then to six simultaneous differen- 
tial equations. The solution is given in form of series which are solved 
numerically for a ratio of length / to thickness s of glued block longer than 
five. Calling ¢ the unit thermal contraction and E the Younc’s modulus 
of the block, the ratio oy/Ee is found higher at the edge of the adhering 
side where it has a value 10.2: it drops to almost zero within a distance 
x = 0.15 from the free edge, thus suggesting that the accurate solution 
might give a concentrated load. The ratio ox/Ee is nil at this same edge, 
increases to — 2.0 within a distance x~ 0.255 and then tends to a constant 
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value of —1 for x => 0.8 s. The ratio Txy/Ee also starts from zero, increases 
to 2.7 for x ~ 0.085 and for x => 0.45 drops to almost zero. It is thus seen 
that the highest stress develops at the edge of the glued face and is a 
tension for a contracting block and a compression for an expanding block. 
As has been already mentioned this explains the cause of the easier 
delamination accompanying a loss (contraction) rather than a gain (swelling) 
of humidity of glued wooden laminates. 


§ 14. GLASS-TO-METAL SEALS 


In sealing glass to metal the problem is not to make a joint capable of 
withstanding large external loads but to avoid the development of residual 
stresses sufficiently large to cause spontaneous disruption. The subject 
of glass-to-metal seals is extremely wide because of its importance for the 
electric and electronic industries, and the present short paragraph deals 
only with the causes of dévelopment of stress, with some methods 
for reducing it and, also with some calculations of stresses to be ex- 

pected in certain 
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were exactly the same within the whole range of temperature used, 
Such a perfect ‘matching’ of the seal constituents is never possible, 
mainly because of the transition point in the coefficient of thermal 
expansion of all glasses, a change which with few exceptions (Z.¢., 
Fernico and Fernichrome alloys) is not found in any metal or alloy 
in the range of temperatures up to the softening point of glass. Fig. 52 
shows the total unit thermal expansion of various metals and alloys and 
of several sealing glasses #1. All metals and alloys have practically straight 
line characteristics while the curves of all glasses, though being more or 
less straight at first, have a transition point below their softening tempe- 
rature, above which the rate of expansion rapidly increases. A difference 
in size would appear in 
the components of the 
seal if they could freely 
contract; this is prevented 
by the adherence between 
them which gives rise to 
a stress of opposite direc- 
tion in each of them, of 
magnitude such as is ne- 
cessary to produce strains 
which added to the ther- 
mal strains will make the 
total contractions equal. Fo 
Therefore the internal 
stresses are proportional 
to the total differential 
thermal strain of glass 
and metal. Accordingly a 
stress-free condition at 
room temperature is not 
necessarily the result of an 
absolute coincidence of From Redston and Stanworth 
the expansion curves of Fig. 53. The devolopment of stress during cooling 
glass and metal, mee a from the annealing temperature of a glass-to-metal seal. 
also be achieved when their total contractions from the sealing or 
annealing temperatures are equal, though at intermediate temperatures 
this condition may be unfulfilled and stresses may exist. 

But the total contractions of the two constituents of a seal are equal 
when their expansion curves, coinciding necessarily at room temperature, 
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intersect again at the annealing temperature from which the seal is cooled. 
The second intersection is possible because of the upward turn of the glass 
expansion curve (Fig. 53) so that stress-free seals can be produced by 
matching glasses with metals of equal total expansion at the annealing 
temperature only. A perfect matching of this sort is seldom possible and 
usually unnecessary because glass can withstand stresses of a limited 
magnitude. The safe limit in tension 4! is around 1 kg/mm? (1400 p.s.i.) 
while in compression it can be considerably higher, so that the usual 
tendency is to produce seals with initial compressive stresses in the glass. 
Thus for example the expansion curves of a sealing glass and metal before 
sealing are diagrammatically shown ® in Fig. 53. At the annealing tempe- 
rature T, the glass has expanded less than the metal, yet upon cooling they 
must retain equal lengths. The difference AB can be imagined to be 
compensated by a mechanical differential strain 6, = BA imposed partly 
on each constituent. As the internal stresses depend on the total difference 
in contraction and not on the absolute contraction of the constituents it may 
be supposed that all the strain BA is produced in the metal and super- 
imposed on the thermal strain T,B leaving a total strain T,A for the metal 
as well as the glass at the annealing temperatures. If free to contract and 
gradually cooled to room temperature, the metal, loaded always with the 
stress which produces the strain 64, would contract along the straight line 
ACD distant from BO by do, while the glass would follow the same curve 
ABO. Their differences at any temperature plotted from a horizontal axis 
are a measure of the stress which develops when glass and metal are not 
free to contract but adhere firmly to each other. The lower diagram of 
Fig. 53 shows the corresponding variation of the internal stress o of the 
cooling seal. Tensile stress will at first gradually build up, reach a maximum 
and then decrease to zero at a temperature T,, then reverse sign and become 
compressive of increasing magnitude down to room temperature. Such a 
variation of stress is easily ascertained by photoelastic measurements. 
With the Fe, Ni, Co and Fe, Ni, Cr alloys Fernico and Fernichrome, which 
have a transition in their thermal expansion almost identical with that of 
a hard glass, the differential contraction can be practically nullified (see, 
for example, in Fig. 52 the coincidence of the expansion curves of Fernico 
and glass 705 A). 

Special alloys matching the expansivity of hard glasses have been studied 
by H. Scorr 4. They are nickel-steel alloys containing cobalt, such as the 
alloy kovar which can be readily sealed into Nonex glass. 

It has been tacitly assumed that the annealing or softening temperature 
of glass is sharply defined and that below it the glass behaves as a solid, 
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whereas glass softens gradually throughout a range of temperatures and 
by definition #1 the annealing range is contained within the temperatures 
at which glass loses 9/10ths of any internal stress in 15 minutes (upper 
limit) and 4 hours (lower limit). If kept within this range for a long enough 
period, the glass will lose all the stress already set up during the previous 
cooling and contraction from the sealing temperature. The stress-release 
will not take place when the rate of cooling through the annealing range is 
high because the viscosity of glass is still considerable. A lengthy anneal 
of glass at a fixed temperature followed by a relatively rapid subsequent 
cooling can alter the virtual temperature from which internal stress starts 
building-up as well as the resulting final stress at room temperature 41. 

Other factors affecting the development of stresses in glass-to-metal 
seals are the change of the contraction of glass after prolonged heating at 
the lower annealing temperature ** ** ® as well as the existence of some 
amount of viscous flow at temperatures below the annealing range which 
results in a dependence of the contraction curve on the cooling rate 4. 
Another potential factor is the yield of sealing metals such as copper, which 
though expanding considerably more than any standard glass, yet if of small 
diameter, do not give rise to dangerous stresses in the glas *» “. 

It has been observed that glass is weaker on its free surfaces because 
of the existence of microscopic flaws which initiate failure.As a consequence 
the strength of glass is increased by rapid cooling which solidifies the outer 
layers first so that harmless compressive stresses are developed in them 
during the subsequent contraction of the interior which, being stronger, 
resists the tension to which it is subjected. Any tension to which the glass 
may be later subjected will be diminished 
by the amount needed to neutralize 
the already existing compressive super- 
ficial stress of the faces 47. A similar 
distribution of stresses arises in seals 
made with glass having a lower coefh- 
cient of expansion than the metal wire 48. 

The magnitude of the stresses resul- 
« 5 ting from the causes already investigated 
‘ will also depend on the relative size 
a and the shape of the sealed parts. For 

example the radial and tangential stresses 


Fig. 54. Radial (pr), tangential(pQ), Pr and pg respectively, of a long glass 


and longitudinal ( pz) stresses in a long i i 
cylin 
Bont clic ei oe der sealed on to a concentric metal 


metal rod (long bead seal). wire (Fig. 54) vary with the distance from 
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the axis and are highest at tneglass-to-metal interface, while the longitudinal 
stress pz is constant throughout the thickness of the glass **  “* ” The 
highest values of these stresses depend one the relations between the 
elastic constants of the two materials and on the ratio » of their radii 
but are always proportional to the product £6 of the Youne’s modulus 
of glass by the total differential contraction which is taken as positive 
when the wire contracts more than the glass. It is useful to consider 
this product as the stress which would develop in a glass rod tending 
to contract by 6 and restrained from so doing by an absolutely rigid 
frame to which the rod ends firmly adhere. Thus the three stresses can 
be represented as multiples or fractions of this hypothetical stress E 96. 
For example the ratios for increasing values of » = R/r have been 
calculated for the particular 
case of glass to molybdenum 
seals where the Younc’s 
moduli have a ratio m = 0.186 
and Porsson’s ratios are my = 
0.25, mm = 0.17. The results 
are shown in Fig.55: the radial 
stress p, is a tension, and the 
hoop and axial stresses pg and 
pz ate compressions when 6 is 
positive, #.e., when the metal 
contracts more than the glass. 


- 1 com- 
Fig. 55. Variation of the radial (pr), tangential For this glass meta 
(pz), and longitudinal (pQ) stresses with the ratio bination py is most dangerous 
n of the outer diameters of the glass cylinder and as being the only tensile 


metal rod of figure 54. i. ; 
a stress; in thick glass seals 


(x = 5) it reaches the value 0.84 which for Eg 6 = 670000 kg/m? and 
6 = 2.10-* would give a radial tension of some 110 kg/cm? or 
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1.1 kg/mm? which is considered a safe value “'. When the glass contracts 
more than the metal, 6 is negative and the sign of the stresses given in 
Fig. 55 is reversed: p, is then compressive and p, and p¢ tensile, the two 
last mentioned being the most dangerous stresses in the seal, pg as being 
the highest tension in the interior of the seal and p, the highest tension 
at the surface. 

The method of evaluation of the stresses due to Porttsxy ** and Hutr 
and Burcer 4! has been extended by Rawson % for similar cylindrical 
seals in which the metal component is not a solid rod but a tube. The 
radial, hoop, and axial stresses at the interface are given as functions of the 
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ratios of the three radii, namely the inner radius of the metal tube, the radius 
at the interface between metal and glass, and the outer radius of the glass. 
It is interesting to note that in seals of a thick glass tube ona thin-walled 
metal tube the stresses are low since, as should be expected, the tube is 
then weak and deforms under the pressure of the glass without producing 
a high stress in the glass. Thus it was found possible to seal thin-walled metal 
tubes through glass even though their expansion curves differed considerably. 

The validity of the above theoretical calculations has been experimentally 
confirmed by photoelastic measurements #2 on actual glass seals which 
closely coincide with the theoretical predictions. Nevertheless it is pertinent 
to remark that none of the investigators appear to have examined the 
possibility of any “frozen stress”’ developing in the glass during cooling, 
i.e., of birefringence which would persist even after removal of the causes 
of the stresses, as for example by cutting the glass in pieces or better by 
dissolving the stress-producing metal in an acid. Such a property has been 
detected by Frton *» * in blocks of glass which had been colled under 
considerable longitudinal pressure. The birefringence observed after the 
removal of the external pressure varied with the composition of the glass 
and could be interpreted as a tension or as a compression in the diredction 
of the external loading. As these stresses were not in equilibrium throughout 
the block they could only be fictitious or “frozen stresses” similar to those 
which may be produced by the cooling under load of varous plastics.5 

The calculated values of these stresses are only valid for long seals and 
at regions away from the ends. The ends themselves will produce a stress 
concentration which will depend on their shape. The general shape of the 
stress trajectories near the ends of some seals of usual shape given by 
Mytonas are shown in Figs. 56 a—d. The stress trajectories are the same 
whether the glass or the metal contracts more but the tension and com- 
pression shown on them as well as on the boundaries correspond to a 
higher contraction of the metal; for a higher glass contraction the direction 
of the arrows should be reversed, and compression and tension inter- 
changed. In (a) the most highly stressed area is at the corner near the edge 
of the interface, and it is a tension which makes the seal unsafe. The tapering 
shape (b) gives rise to a longitudinal compressive stress all along the 
boundary, the highest being at the tip according to the curve pz/Eg6 of 
Fig. 55 which gives a maximum for 2 = 1. The only tensile stress which 
develops in the radial direction diminishes with the thickness and becomes 
zero at the tip, as shown by the curve P:/Eg6 of Fig. 55. The shapes of 
Figs. 56 c and d achieve similar results to a minor degree; the tension on 
the face reverses sign through a piont of zero stress in the plane of the 
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drawings and becomes compressive near the interface where the bighest 
radial tension occurs. The diminishing thickness of glass near the tip reduces 
the highest radial tension. 

The shape of the stress-trajectories in similar glass-to-metal seals have 
been sketched by W. J. Scorr®, but without sufficient detail. 

Very interesting examples of the photoelastic investigation of the stress 
distribution in short flat two-wire seals are given by O. Apams ® as well as 
in the recently published monograph of J. H. PARTRIDGE “, 

Adhesion of $lass to metal 

Compression can also be effected through 

es an intermediate adhesive layer 

other than an oxide film, as 
for example with the thermo- 
setting synthetic adhesive 
known under the trade name 

of “Araldite’* * *% 7", 

The curing temperature 
of this resin can be varied 
from 180° to 240° C. These 
temperatures are below 

_the transition points in the 
expansion curves of any of 
the usual glasses or metals 
and therefore the differential 
contraction will be equal to 
the temperature drop from 
the hardening point to room 

‘- temperature multiplied by 

—>+O+— the difference of the two 

constant coefficients of ther- 
malexpansion. The hardening 

Isotropic point point is not the curing 

zero stress ° 

temperature, as the glue is 
plastically deformable down 

-. SS aes to about 100a C and only 

below this temperature willin- 


Fig. 56. Stress-trajectories eee oda ceaat of ternal stresses start to appear. 
long glass-to-metal seals of usual shape. The isotropic . 
Reine shown in (c) and (d) are stress-free points. However, high stresses can 





@ Tension 






Isotropic point 
zero stress 








* A synthetic resin adhesive developed by Messrs. Ciba Ltd., Basle, and produced in 
England by Aero Research Ltd., Duxford, Cambridge. 
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develop even with such small temperature changes if the bonded materials 
are not suitably matched. Thus brass and glass cannot be glued together 
because of the considerably higher contraction of the metal: as shown in 
Fig. 57 the glass of a flat inspection window glued on to its brass 
ring by Araldite adhesive was split in its plane into two thinner discs. The 
brass ring had no rim protruding around the circumference of the glass 
plate; this was glued only on its flat face near its perimeter and the stress 
resulting from this differential contraction was transmitted to it by the 
adhesive alone. 

The low temperatures needed for curing this adhesive allow steel to be 
matched with some hard glasses although the bond develops considerable 
stress. Better results are achieved by using special alloys (usually Ni-Fe) 
of suitable coefficient of expan- 
sion. Thus for example in Fig. 
58 is shown to the left a steel 
rod which broke off the glass to 
which it was bonded by Araldite 
(failure 100° in glass), whereas 
to the right is shown a sound 
bond between glass and a rod of 
Fernichrome alloy. Of course the 
strength of the seal will be in- 
dependent of the coefficients of 
thermal contraction of the 
Courtesy of Acro Resarch Ltd, Daxford Camtridee materials bonded together when 


Fig. 57. Cleavage fracture in its own planeofa the adhesive sets at room tem- 
circular glass inspection window bonded to its f l 
brass ring by Araldite adhesive. The differential P&tature, as tor example does the 


contraction between brass and glass gave rise cold-setting Araldite adhesive. 
to a stress which produced failure in the glass. 








b 
Fig. 58. (Left). Failure in the glass 2 
resulting from the differential con- 
traction of a steel rod and the glass 
to which it was bonded with 
Araldite. (Right). Strong similar bond 
obtained with a rod of Fernichrome 
alloy which almost matches the ex- 

pansion of glass. 


Courtesy of Aero Research Ltd., Duxford Cambridge 
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EXPERIMENTAL INVESTIGATION 
OF THE STRESSES IN JOINTS 


§ 1. 1nTRODUCTION 


As -has been pointed out in Part I § 7 the theoretical analysis of the 
stresses in joints leads to some conclusions which are partially incompatible 
with actual conditions. Thus both VoLkERsEN as well as GoLAND and 
REISSNER assume that the stresses in lap joints are constant across the 
thickness of the adhesive layer and come to the conclusion that with 
flexible adhesive layers the highest shear develops at the edges of the 
overlap. The adhesive layer, however, has a finite thickness and ends in 
free glue-to-air surfaces at each end of the overlap. On such free boundaries 
the conditions of equilibrium limit the virtual stress to simple tangential 
tension or compression without any shear. A longitudinal shear stress 
component may exist only at places where the boundary forms an oblique 
angle to this direction. Thus the assumption of constant stress across the 
adhesive is not permissible and the conclusion that the highest shear stress 
develops at the edges of the overlap is not altogether correct. It is true 
that the highest relative displacement of the adherends occurs at the edges 
but the resulting stress distribution consists of stresses tangential to the 
boundary and with a magnitude depending on the shape of this boundary. 
For example a concave boundary will be in tension on the side of the 
protruding adherend on which the load is applied, and in compression on 
the side of the ending adherend, thus necessarily developing an inter- 
mediate stress-free point. With a square boundary the areas of high tension 
and compression will be confined to the two corners where the edge meets 
the adherends whereas the intermediate area will have an almost uniform 
stress produced by the tearing tendency of the joint. 

A better knowledge of the stresses developing in joints and their depen- 
dence on the shape of the adhesive boundaries is obviously necessary and 
is acquired experimentally. The obvious check on the overall strength of 
a joint is the test to destruction but this gives no clue as to the specific cause 
of rupture or any indication of how to improve its strength. The necessary 
information can only be obtained from the knowledge of the stress 
distribution throughout the whole joint. It can be acquired experimentally 
by measuring the stresses actually developing in models similar to real 
joints and similarly loaded. 
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§ 2. THE PRINCIPLE OF SIMILARITY 


Though the models used in the experiments may differ from the actual 
joints both in their dimensions and in the materials of which they are made, 
yet under certain circumstances model and actual joints are comparable 
and the stresses in the latter can be found from those of the former by a 
simple multiplication by a factor of proportionality or scale constant. 
Structures comparable in such a way are called simil/ar and the study of the 
conditions under which the comparison is possible as well as the deter- 
mination of the scale constants constitutes the theory of similarity of such 
structures. 

The theory of elasticity shows that the stress distribution in plane, 
uniform structures, free of any holes with unbalanced forces, is independent 
of the elastic constants; the stress distribution in two structures will be 
proportional when these are geometrically similar and are loaded in a 
similar way. If F.is the linear scale of the two structures and F, the ratio 
of the applied forces, the scale Fg of the stresses will be: 

Bim 
res 

The stress distribution of structures with unbalanced holes or of three- 
dimensional structures is again independent of the YounG’s modulus E of 
the material but depends on Potsson’s ratio m, though the changes resulting 
from a different value of m are very small and can usually be neglected 52, 58, 
Thus the stress-distribution in a steel or stone structure can be calculated 
from the corresponding distribution occurring in a similar structure made 


of glass or bakelite or even gelatine, provided all these materials behave 
elastically. 


Fo i= 


It is not always necessary to insist on absolute geometrical similarity: 
with joints 1%, 6° for example, the stress distribution can be expressed to 
some degree of accuracy by the ratios of the peak to the mean stress, or 
in other words, with the factor of stress concentration, which is the subject 
of main interest in all the investigations; two joints will be called similar 
when their factors of stress concentration are equal. But as calculated in 
Part I (see p. 97-104) the factors » of shear stress concentration and 2, of 
tearing stress concentration of joints with flexible adhesive layers are given 
by: 

n= f(A, k) (7a) 
Mg =k (12a) 
where / and & have the values given by (2a) p. 97 and (4) p. 98 Thus 


finally the conditions of similarity are reduced to the equality of the coeffi- 
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cients /\ and & (as well as on the value of Potsson’s ratio m, of the adhesive, 
since the simplified formula (12a) was obtained by assuming ™, constant 
and equal to 0.33): when this is fulfilled the joints should be comparable. 
Therefore it is permissible to experiment on models of joints made in a 
size and of materials facilitating the tests and draw conclusions on the 
behaviour of real joints having the same & and /\. An indication of the 
validity of this theoretical criterion of similarity is provided by the various 
tests to failure of lap joints; their strengths are related to the “joint factor” 6 
or to the factor /\ by the formulae of VOLKERSEN and PLANTEMA respec- 
tively (see Part I § 7). Therefore it can be assumed that the criterion of 
similarity is valid, although it would be desirable to have a more exact 
experimental verification. 

The above conclusions are valid only when adherends and adhesive 
behave elastically: it should be noted that then similarity is independent 
of time. When yield occurs the time variable should also be considered, 
and will depend on the law of the yield. Unless the materials of the joints 
have proportional yield curves it is impossible to obtain similarity, since 
no fixed time-scale will exist between two models. One of the few instances 
susceptible of giving true similarity is when Newtonian liquids are used as 
adhesives between elastic solids, since obviously the time-scale will be 
proportional to the ratio of the viscosities. With actual adhesives a com- 
promise may be reached by assuming that their rheological behaviour 
follows a concrete law from which the time scale may be derived; for 
example with materials following the MAxwe t relaxation law the ratio of 
the MAxwELL relaxation times will determine the time scale since only 
then will their respective stresses have the same ratio throughout the 
process of relaxation. 

Such a simplification may lead to serious errors and in general similarity 
is only possible with one and the same yielding material, in which case the 
time scale is unity 5°, .e., the speed of loading should be identical, a pre- 
caution which is always imposed by the various testing specifications. 

Usually it can be assumed that the governing factor in the strength of 
a joint is the stress distribution which develops in adherends and adhesive 
of perfect elasticity, by assuming that the yield, though modifying these 
stresses, yet usually affects them to a small extent and certainly in the same 
amount for any one material, the standard time of testing contributing 
considerably to this result. Thus the elastic stress distribution is sought 
and the highest elastic stress concentration is considered as a criterion of 
the strength of the structure. 

In the experimental determination of the stress distribution it is essential 
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either to obtain absolute similarity by using the same materials or to seek 
the elastic stress distribution by using elastic materials. The phenol- 
formaldehyde resin Catalin 800 which is used in the photoelastic tests 
described later, yields considerably under constant load, but its stress 
strain-time relation was found by C. Mytonas ® to be of such a nature 
that no redistribution of stress occurs and the stress distribution is similar 
to that of a perfectly elastic body. 

Another departure from true similarity takes place when the width of 
the model joints is small as compared to the thickness of the adhesive layer, 
as happens in most of the photoelastic tests of joints. In actual joints of 
large width the adhesive is in a state of plane strain over most of the width, 
a condition which is also postulated in the theory of GoLAND and REISSNER”, 
Yet when the width is small the adhesive can expand laterally more or less 
freely, and this results in a state of plane stress. In the theory of elasticity ® 
it is shown that the stresses in the two states are the same when the body 
consists of one material only and when the same external forces act on its 
boundary. As actual joints are made of two different materials bonded 
together, the states of plane stress and plain strain will give rise to different 
stresses. This difference has not been investigated yet. It is, nevertheless, 
clear that model joints with large width should be preferred to thin models. 


§ 3. EXTENSOMETER TESTS ON LAP JOINTS 


The shear stress developing at various points of the 3 in. long overlap 
of two ¥ x 4 in. mild steel bars bonded by a “Redux” layer 0.025 + 0.001 in. 
thick was estimated from the relative displacement of these bars measured 
by an optical lever *, The applied loads were very low so that Hooxe’s 
law could be assumed to hold even in the region of high stress. The shear 
stress distribution is found to be as in Fig. 59a. The criteria of similarity 
are the factors / and &. With the value of G = 280 000 p.s.i. estimated 


from the experimental data the factor / of the theory of VOLKERSEN 
is found by formula (2a): 


A =135, 
while W = 2, since the members of the joint are equal. The diagram of 
Fig. 39 gives a factor of stress-concentration: 
n~ 2.6 
and since the mean shear is 302 p.s.i. the peak should be 
Tmax — 2.6 » 302 = 784 p.s.i. 


* U bli h : . . . . . 
Pabanee ed tests made by B. Cooper at the Cambridge University Engineering 
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Fig. 59. Experimental determination of the relative displacement of the adherends of 
lap joints: (a) plain lap joint, (b) tapered lap joint, (c) scarf joint. 


The calculation of the factor & of the theory of GoLAND and REISSNER 
will be given only as an example of the application of this method, 
because owing to the very short length of the members beyond the 
overlap, the flexibility of the joints is nil and & is virtually equal to 
unity *. If the members were considerably longer then the product 
Is,/p/E (see p. 98) would be found equal to 0.13 (/ = 3.00, 
s=4, p = 3624 psi. and E = 3: 10) which according to the 
graph of Fig. 40 corresponds to & = 0.83. For this value of k 
and for 4/2 = 5.2, Fig. 43 gives by interpolation » = 4.7 and there- 
fore tmax would be 1420 p.s.i. Nevertheless as already explained & is 
equal to unity and from the same Fig. 43 it may be found: 


n= 5.2 
according to which the peak stress according to GOLAND and REISSNER is: 
Tmax = 302°5.2 ~ 1570 p.s.i. 


The full curves of stress distribution found by both theories are included 
in Fig. 59a for comparison. As should be expected, the experimental results 
are in better agreement with the theory of GOLAND and ReIssNER than 
with the theory of VOLKERSEN. 

Similar tests were made on a tapering lap joint (Fig. 59b) and on a scarfed 
joint (Fig. 59c). Both gave stress concentrations smaller than the plain 


* See footnote on page 132. 
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lap joint, though the scarfed joint much more so. The factor n in the three 
tests was respectively 4.52, 4.46 and 1.45. All these tests were made with 
very light loads and the stress distribution observed would be modified 
at higher loads because of the resulting creep and of the bending of the 
adherends (see Part I § 4). It should be pointed out that the above tests 
are a good check on the theories of VOLKERSEN and of GOLAND and 
REISSNER because they follow the same procedure, namely they all find 
the relative displacements of the adherends, and from them calculate the 
shear stresses by assuming that they are constant within any cross-section 
of the adhesive. For the same reason these experiments do not enlighten us 
as to the exact nature and magnitude of the stresses developing, which as was 
explained in Part I § 7 and Part II § 1, vary across the thickness of the adhesive 
and should be purely tensile or compressive at the edges of the overlap. 


§ 4. PREVIOUS PHOTOELASTIC TESTS 


The stress distribution in a rectangular block subjected to shear on two 
opposite faces as well as in a double shear block very similar to a double 
lap joint were investigated by CoKER ® 5 and calculated theoretically by 
InGus ®, 52, The conditions of loading were similar to those of joints 
with stiff non-deforming adherends and thick and flexible adhesive but 
without tearing stresses since the symmetry of the double shearing prevented 
the bending which develops in single lap joints. These investigations were 
only concerned with the stress distribution along the plane of symmetry 
parallel to the sheared faces of the block although by far the highest stresses 
developed at the corners. At each end of this plane the stress was zero, 
in agreement with the opinions expressed in Part I § 7 and Part II § 1. The 
shear increased to a maximum within a short distance from the free edge 
and then diminished slightly to a practically constant value over the central 
area. For short blocks the shear stress had a single maximum at the middle 
of the length. 

The stress distribution in two members bonded together by a uniform 
layer has been investigated as a means of determining the strength of 
spot-welds ®*. The speciments, which could be also considered as models 
of joints, were machined out of a plate of “Trolon” (phenol-formaldehyde 
resin) 10 mm thick and consisted of a continuous piece of material; the 
adherends were 10 mm thick and 0.2 mm apart (#.¢., the thickness of the 
simulated adhesive was 0.2 mm) and overlapped by 30 mm. The edges of 
the overlap were concave semicircular of 0.2 mm diameter and were found 
to be under tension of varying intensity over their whole periphery. 
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The maximum tension on this boundary produced the highest shear of 
the joint in a direction inclined ad 45° to the free boundary and the factor 
of shear stress concentration, or in other words, the ratio of the maximum to 
the mean shear was calculated from the photoelastic pattern and found 
equal to 1.81. The factor A of this joint can be found equal to 3.75 if 
E = 3G. Thus with the theory of VorKErsEN the factor of shear stress 
concentration would be equal to 1.55. The corresponding factor of GoLAND 
and REISSNER cannot be calculated because the applied tension is not given 
and the factor & is unknown. . 

It should be pointed out that a considerable tensile edge stress was 
present on these specimens: it extended to a depth of about 0.5 mm 
from the free surface and obviously affected the apparent stress of the 
free boundary, in particular since this had a radius of curvature of only 
0.2 mm and the highest stresses were confined to a depth of the same 
order of magnitude. 

A similar investigation was made by TyLecore ® on models made of 
Xylonite 0.12 in. thick in spite of its small stress-optical sensitivity. The 
members had an overlap of 14 in. ending in holes of diameter larger than 
the “gap” between the members, so that all the results are only qualitative 
in nature. The relative retardations were evaluated from the colours of the 
isochromatics in white light, recorded on colour film. The colour matching 
is not a very accurate method, and Coker and Fiton working with Xylonite 
had to use accurate compensation methods or work with “the tint of 
passage” or sudden change of colour from blue to red at the relative 
retardation corresponding approximately to the sodium yellow. Further- 
more the recording of colours introduces an additional factor of uncertainty. 
The isoclinics were also recorded photographically, a method not to be 
advised, as it gives a static picture of these lines, whereas in many cases 
the isoclinics are faint and unsharp and their exact shape can only be found 
when they are seen changing position during the simultaneous rotation 
of polarizer and analyser. The stresses were determined on the circular 
boundaries as well as in various sections. The highest stress was again 
found on the boundary which was subjected to a continuous tension, 
although the isoclinics seem to be accumulating at a small area of this 
boundary. At such places the isoclinics are most unsharp and if determined 
by a better method they might well be found to accumulate at a point of the 
boundary which would be an isotropic point - point of zero difference of 
principal stresses — and, being on a free boundary where the normal prin- 
cipal stress is necessarily zero, should be a stress-free point. This would be 
in agreement with the results of the experiments described later. 
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Experiments of the block-shear test were also carried out on cross- 
shaped models supported under the horizontal arms and loaded on the 
vertical bar 38, Only shear stresses were considered along the longitudinal 
sections where the horizontal arms meet the vertical bar: the peak stresses 
were again found to be at the edges. Photoelastic tests on models similar 
to plywood test specimens were also made. Fig. 60 shows the high stress 
concentration arising at the corners of the grooves sawn in the plywood 
specimens, and show clearly where the failure should start. A critical 
review of the above tests may be found in references 15 and ®. 





Courtesy of Dr R. V. Baud, Manager, Photoelastic Division, Swiss 
Federal Institute for the Testing of Materials (EMP.A), Ziirich, 


Fig. 60. Photoelastic patterns of models of standard two-ply (above) and three-ply (below) 
board test speciments. The crowding of the fringes at the corners indicates the peak 
stresses developing at these places 5, 


§ 5. THE ADHESIVE ITSELF AS PHOTOELASTIC MATERIAL 


In all the previous experiments the models of the joints consisted of a 
continuous piece of material machined to the desired shape so that no 
abrupt change of elastic constants existed at the planes corresponding to 
the glued faces of the real joints. C. MyLonas 15, 66 using the adhesive in a 
gap joint as photoelastic material, at the suggestion of N. A. DE BRuyYNE, 
was able to achieve a better similarity not only because of the existing 
difference of elastic constants between adherends and adhesive but also 
because of the similar behaviour of the model adhesive to the adhesives 
used in practice. The adhesive used was of the urea-formaldehyde type 
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known under the trade name of “Aerolite” and was made specially clear and 
bubble-free as well as extremely slow-setting for these experiments. Wooden 
gap joints were made as shown in Fig. 61a and slices 2.5 mm thick (Fig. 61b) 


were cut from them. Of these, some were 
cut as in Fig. 61c and loaded in shear 
while one from each joint was used as in 
Fig. 61d for the determination of the 
stress-optical coefficient. Unfortunately the 
setting of the adhesive was irregular faster 
along the edges and slower in the interior 
of the joint. As a result the YouNa’s 
modulus and the stress-optical coefficient 
were varying throughout and affecting 
both the stress distribution and its inter- 
pretation in terms of isochromatics and 
therefore these experiments are only quali- 
tative in nature. The adhesive boundary 
at each end of the overlap had a concave 
rounded shape due to the contraction of 
the adhesive during the setting. The 
variation of the relative retardation in 
fringes along the boundary of one slice is 
shown in Fig. 62 at first without any 
load (setting stresses) and then with 
a load of 35 Ib. applied on the 
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Fig. 61. Wooden gap-joint models 
made with a urea formaldehyde ad- 
hesive which served as_ photo- 
elastic material: (a) original joint, 
(b) longitudinal slice 2.5 mm 
thick, (c) slice as used for shear 
tests, (d) slice as used for the 
determination of the stress optical 
coefficient. 
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adherend in the direction of the 
arrow. As both setting and total 
stresses are necessarily tangential to 
the free boundary, the former can 
be subtracted from the latter to give 
the stresses due to the loading 
only. The boundary stress has a 
peak maximum (tension) at about 


Fig. 62. The tangential stress distribution 
along the free boundary of the adhesive 
at the end of the overlap of the joint of 
Fig. 61b. (Above) stresses due to setting, 
(below) stresses due to a load of 35 lb. 
The peak tension developing at about 
1/, of the gap from the loaded member 
is also the highest stress in the whole 
joint. See also Fig. 63. 
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1/5th of the gap from the pulled member, then diminishes towards 
the middle of the adhesive thickness and becomes compressive on the 
opposite side. The existence of such a peak stress was confirmed by some 
specimens which started breaking 
at approximately the same point of 
the boundary (Fig. 63). 


§ 6. MODELS OF JOINTS MADE OF 
CATALIN 800 


In order to avoid the irregularities 
of stress arising from the setting of 
the adhesive, C. Mytonas 15, 66 made 
also models of joints of the phenol- 
formaldehyde plastic Catalin 800. 
Perfect similarity to metal-to-metal 
joints would have been achieved if 
a thin layer of this plastic simulating 
the adhesive were bonded between 
two bars of stiffer material. Unfor- © 
tunately at the time of these experi- 
ments no way had been found of 
achieving this bond without introdu- 
cing highinternal stresses which made __ Fig. 63. Confirmation of the photoelastic 
the model useless for a photoelastic eee by he! peyivipcekealeim 
investigation. Consequently the model 

was machined out of a continuous plate of Catalin, but the difference 
of rigidity between adhesive and adherends was simulated by the reinfor- 
cement of the members (Fig. 64) and by an abrupt change in thickness 
at the planes corresponding to the glued faces (Fig. 65a). The isoclinics 
and the stress-trajectories deduced from them are shown in Fig. 65b 
and 65c while the isochromatics are shown in Fig. 66. Along the boundary 
of the glue at the end of theoverlap the stress is again purely tangential, 
being tensile on the half towards the pulling member (right) and compressive 
on the other half, with an intermediate transition point of zero stress. 
The stress-free condition of this point is indicated by the fact thatits retarda- 
tion is nil; this is confirmed by the isoclinics which converge there, 
thu; showing that it is an isotropic point, or in other words a point 
with equal principal stresses; as the stress normal to the boundary is 
zero, the tangential must also vanish. The maximum tensile stress (arrow 
11) on the boundary is also the highest stress of the whole joint. The 
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variation of the difference of principal stresses along the line A~A through 
the point of maximum tension is shown in the curve 1 of Fig. 65d: 
the variation of the direction of the principal stresses along this line is 
shown by curve 2. The longitudinal shear along this section is derived 
from the two previous curves and given by curve 3, and the mean 
longitudinal shear is given by the dotted line. Thus the factor # of shear 
stress concentration is: 


n = 5.4/3.01 = 1.79 


Fig. 64. Model of a gap-joint made of Catalin 

800 machined from a solid block. The parts 

simulating the adherends are reinforced while 

the “‘adhesive” is made thinner (see also figur 

65a) to correspond to the difference of mechani- 
cal properties in real joints. 
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and the ratio of the maximum 
tension to the double of the 
mean shear is: 
11 
i, = 2.301 = 1.83 

These factors can also be calcu- 
lated by formulae (3) and (7). As 
the bolted reinforcing plates 
shown in Fig. 64 cannot be 
assumed to adhere rigidly to the 
members, the values of the 
factors of stress concentra- 
tions were found for the extreme 
cases of members without any 
reinforcement as well as for 
members perfectly bonded to 
the reinforcement, limits within 
which the true value must lie. 
The Younc’s modulus of 
Catalin after 10 minutes ) % 
of loading has a value interme- 
didate between 100,000 and 
200,000 p.s.i. and Portsson’s ratio 
is approximately 0.40 so that 
the modulus of rigidity G is 
found as: 


G = E/2.8 


Assuming that the “members” 
have the same width of } in. as 
the “adhesive layer” while their 
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Younc’s modulus is correspondingly increased so as to leave the 
rigidity unaffected, it is possible to calculate the new YOUNG’S 
moduli of the members and the corresponding factors /\ (see formula 2a). 
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Fig. 65. (a) Shape agd dimensions of model ‘of gap-joint made of Catalin 800, (b) iso- 
clinics, (c) stress-trajectories, (d) longitudinal shear distribution. 


The theoretical values of the.factors of stress-concentration for simple 
and reinforced members found by formulae (3) and (7) or diagrams 
40 and 44 Part I § 6, are compared to the experimental values in Table 


12, p. 142. Owing to the great rigidity of the members the factor & 
(formula 4) is taken as unity. 


It should be noted that the theoretical analysis of the joints neglects 
the thickness of the members in the calculation of the bending moment. 
This is not permissible with gap joints where this dimension is 
considerable. A correction can be made by increasing the ben- 
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Fig. 66. Fringe pattern of Catalin model 
showing again the development of the 
highest tension (arrow 11) on the free 
boundary nearer to the pulling member. 


ding moment by the ratio ats 
5 


(Fig. 38, page 97) which is equi- 
valent to taking & = 1 + d/s, where 
d is the thickness of the adhesive 
and s the thickness of either adhe- 
rend. In this particular example & 
will be equal to 1.5: according to 
formula (7) the factor »# of shear stress 
concentration will remain equal to 
unity while by formula (10) as well 
as by the simplified (12) the factor of 
tearing stress concentration will in- 
crease from 0.2 to 0.3. 

Thus this experiment shows the 
existence of a shear stress by some 
30% to 80% higher than the highest 
shear predicted theoretically and, 
what is more serious, of a tearing 
stress equal to 2+ 1.83 = 3.65 times 
the mean shear whereas theoretically 
such stress is practically non-existent. 

This test is far from conclusive 
as regards the stresses developing in 
joints: the model used does not pro- 
vide exact similarity to real joints and 
the semicircular buondary of the ad- 


hesive layer is never achieved in practice where the glue is mostly squeezed 
out of the joint. Nevertheless it is an indication of the inexactitude which 
may occasionally result from the application of the theoretical formulae. 

An extended investigation of the stress distribution in composite joints 
is now under progress: the joints are made of a layer of a photoelastic 
plastic simulating the adhesive, bonded between metal adherends, and thus 
permit a better similarity with actual joints. Tests are also made with joints 
of large width in which conditions of plain strain are true (see § 2, p. 132). 
It is hoped that these tests will give a better knowledge of the stresses 
developing in joints of many types and will lead to methods of reducing 


them. 
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TABLE 12 


THEORETICAL AND EXPERIMENTAL VALUES OF STRESS-CONCENTRATION FACTORS 


CH. 4 





























n= Tmax/Tmean nh, = Omax/ 27 mean 
i GoLanp & | Experi- |GoLtanp& | Experi- 
VOLKERSEN) Reisner | mental | REISSNER | mental 
Simple not not 
: 1.40 lid * valid * 
members 2.8 va Hee he 
Reinforced 
members 
Eco=10' p.s.i 0.037 1.05 
or a ~™ 1.00 ~ 0.2 
2 - 10° p.s.i 0.019 1.05 

















* Neither of conditions (5) or (6) are fulfilled. 
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PART TWO 
TECHNOLOGICAL ASPECTS 





CHAPTER 5 
ORGANIC ADHESIVES 


5A. ANIMAL GLUES AND THEIR INDUSTRIAL 
APPLICATIONS 


Earut D. CORNWELL 
Armour C» Company, Research Div., Chicago, Ill. (U.S.A.) 


§ 1. INHERENT PROPERTIES OF ANIMAL GLUES 


The property of animal glue which overshadows that of all other adhesives 
is its power to change quickly from a fluid state to a firm jelly as a result 
of a temperature drop of comparatively few degrees. Equally important is 
its property to reverse this action, due to a temperature rise. 

This property of forming a jelly is common to both hide and bone glues, 
but not to ordinary fish glues. It serves as a basis upon which animal glues 
are graded or classified. The comparative strength or rigidity of the jelly 
structure formed from solution at a constant low temperature serves to 
determine whether a glue is to be classed as high grade or low grade. 
Viscosities of these same glue solutions are also determined. Glues that 
have high jelly strengths usually have high viscosities, while those with 
lower jelly strengths have comparatively lower viscosities. Glues of 
approximately the same jelly strength usually have about the same viscosity. 
These two properties, namely jelly and viscosity, serve as the basis for 
determining the price range of animal glues in the U.S.A. 

By virtue of this property of gelation, it is possible for animal glues to 
effect temporary bonds almost instantaneously. Such bonds soon become 
permanent. This unique property of animal glues to form temporary bonds 
so quickly as a result of a temperature drop has placed this adhesive in a 
class of its own. It has thus made possible the many extremely high speed 
gluing operations of modern industry, such as the manufacture of paper 
boxes, assembly of books and magazines, etc., many of which are being 
produced at rates in excess of one hundred units per minute. 

Generally speaking, the basis for adhesion of animal glues can be divided 
into two classes, namely mechanical and specific. Due to the character of 
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most surfaces, a certain amount of penetration, on the one hand, is almost 
inevitable, provided the solution is applied at the normal temperature of 
140° F. On the other hand, however, if it was possible to prepare a bond 
without the attendant penetration, the rupturing force might be surprisingly 
high. Such a finding would no doubt be contrary to the common conception 
of the theory of gluing. The average operator in a woodworking plant, 
for example, holds to the belief that the success of joint making is dependent 
upon a good glue penetration, both into the exposed pores of the wood 
and into all other voids produced by machining operations. It is because 
of this misconception that weak joints often occur in spite of the pains 
usually taken to control all of the gluing variables. 

This mechanical concept of gluing has as its basis a firm anchorage of 
threads of dry glue extending from one adjoining piece to the other. It is 
generally conceded that the cohesive strength of a good grade of animal 
glue is greater than its adhesive strength. As a result, the rupture of the 
bond of a well glued object would usually not occur within the glue line 
itself. The adherents of this theory further believe that if the glue is properly 
anchored in the small cavities of adjacent pieces to be joined, the shrinkage 
of the glue upon drying will draw the pieces together so firmly that any 
imperfection in machining the surfaces, any tendency toward change in 
physical dimensions brought on by improper moisture contents of the 
pieces and any smaller defects may be of little consequence. In his great 
zeal to bring about undisputable anchorage through penetration, the 
operator too often destroys the connecting link, the glue layer, between 
the two pieces. The use of excessive pressure, too thin a glue solution, 
too high a temperature of solution, and objects to be glued that are too 
warm, all of these factors, alone or combined, will assure glue penetration, 
but at the same time will produce a discontinuous glue film which always 
results in a weakened bond. 

From the foregoing, it is quite evident that a glue operator must be 
cognizant of factors other than those of mechanical adhesion in order to 
be able to use animal glue to best advantage. The principal additional 
factor is commonly referred to as specific adhesion or sometimes molecular 
adhesion. It pertains chiefly to the ability of a glue to attach itself firmly 
to smooth, hard surfaces unlike the porous type just discussed. That 
animal glue will stick to surfaces which it cannot penetrate is demon- 
strated by the drying of a glue solution on a clean glass surface. It 
will usually be found that sufficient force is exerted by the drying and 
contracting of the animal glue to pull away portions of the glass surface, 
thereby producing a frosted or chipped effect. | 
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Truax? proved by means of photomicrographs that while glue may 
be made to anchor into wood by filling the cell cavities and finally 
drying, there is no penetration beyond this point. The solution does not 
pass through the cell walls, yet the glue clings to the cell walls (see 
Fig. 67 and 68) forming a coating of dried glue inside each of the pores 
rather than a shriveled 
thread as one might 
suspect if the adhesion 
were solely mechanical. 
This bond formed be- 
tween the glue film and 
the cell wall is strong 
enough to tear or break 
the latter whenever an 
attempt is made to 
separate them. 

It would seem, there- 
fore, that equally as 
important as mechani- 
cal adhesion or bonding 
is this specific affinity 
of animal glue for many 
other surfaces, inclu- 

ding wood, glass,etc.An 
joie did la regres Laberstor, interesting electronic, 

Fig. 67. Photomicrograph of cros section through two erie hs and negative 

pieces of maple showing the dried glue clinging to the charge, theory has also 
cell walls. been advanced to ac- 

count for this adhesiveness of animal glue to such impervious materials 
as glass whose surfaces exhibit an alkaline reaction. Briefly, the thought 
is that the negative charges of the molecules of the alkaline surfaces 
attract the positive charges of the amino groups of the animal glue molecules. 
GERNGROSS and GOEBEL? in supporting this specific adhesion theory, suggest 
the possibility of the chemical protein groups exhibiting molecular attrac- 
tion during the pressing of the glue, while mobile. They point out that when the 
free amino groups are fixed or set in the protein by formaldehyde after appli- 
cation of the hot animal glue solution to the surfaces to be bonded, no 
weakness is apparent. (See Composition Cork, p. 155, for application). 
These authors also point out that all of the commercial adhesives possess 
high molecular weights and that some, animal glue for example, embody 
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extended chain molecules bound crosswise by partial valences. These 
chains are capable of arranging themselves in such a manner that their axis 
of length is parallel to the pull of the rupturing stress. The purer forms of 
animal glues, the least hydrolyzed, are best examples of the phenomenon. 
Studies of Réntgen diagrams of animal glue films under stress show that 
these chains referred to 
above arrange themsel- 
ves perpendicular to 
the glued surfaces in 
order that the strains in 
the bond occur in the 
direction of the chief 
valence bonds rather 
than in the direction 
of the weaker secon- 
dary valence bonds. 
In addition to glass, 
as an example of the 
quality of specific adhe- 
sion of animal glue, 
there is an equally good 
example of the same 


property exhibited in 
Mae, Un sae rw the use of this adhesive 


Fig. 68. Photomicrograph of longitudinal section through to bond abrasive parti- 
two pieces of maple showing the dried glue clinging to cles in the manufacture 
eer eee of coated abrasives and 

“set-up” wheels which will be discussed later. (See p. 163). 

The gluing of impervious surfaces, however, represents the minority 
group of the various types that are bonded. Most gluing jobs in fact, involve 
the use of materials of a more or less fibrous nature. In most of these cases 
the glue solution penetrates into the surface in varying degrees but sufficient 
in each case to produce a sound bond. In case of surfaces that are excep- 
tionally porous, a presizing with glue is necessary before efficient bonding 
can be satisfactorily effected. Photomicrographs of paper bonds, common 
to the paper box industry, have shown that the glue had enveloped all 
of the surface fibers. In case of labels on which hot glue has been spread, 
prior to application to another surface, the penetration was appreciable. 
A study of paper joints in general has forcibly brought out the necessity of 
completing the assembly before the freshly spread hot animal glue solution 
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jellies or otherwise loses its tack, thus preventing good contact. Blistering 
of labels is a good example of this fault as it is invariably due to the glue’s 
setting while in poor contact with the base material, or where it did not 
make contact at all. Examinations of all sections where good contact was 
effected before congealing of the glue film occurred revealed bonds that 
were in all cases stronger than the paper itself, even though the glue was 
in contact with only the surface fibers of the paper. The necessity of bringing 
pressure to bear between surfaces to be bonded with a hot animal glue 
solution before the latter has had a chance to pass into the jelly stage applies 
generally to all industrial applications of this adhesive. 


§ 2. PREPARATION AND HANDLING OF GLUE SOLUTIONS 


Before discussing the many applications of animal glues in industry it 
would be advisable to consider some of the recommended procedures for 
the preparationand 
handling of this ad- 
hesive. These sug- 
gestions will apply 
in general to the 
preparation of ani- 
mal glue solutions 
for use in all in- 
dustries, with few 
exceptions. 

At least two or 
three generally ac- 
cepted procedures 
for putting dry 
animal glue into 
is solution should be 
G10 12 14 16 18 considered. These 


0 
120 130 140 150 160 170 180 . ; 
Temperature- degrees Fahrenheit methods will differ 


according to the 
Fig. 69. Curve 1: Effects of temperatures on vicosit ofa 2}:1 faletorm cand 
8: © 30.8%) solution of a 104 millipoise hide glue. physical fo 
Curve 2: Effects of holding time on viscosity of same glue at grade of the glue, 
140° F. 


concentration to be 


Viscosity-poises 





prepared, and type of mixing equipment available. 
A generally accepted method is that of mixing ground glue, usually 
ground flake, into cold water, always usilng a definite weight of each. The 
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mixture is agitated until all glue particles have become wet, after which the 
mix is allowed to stand for one to two hours, depending upon the particle 
size of the glue, the grade of the glue and the concentration being prepared. 
After the soaking period, the glue is melted down by the application of 
heat in a jacketed container. This method has its disadvantages, however, 
especially when mixed in large batches in a container fitted with a mechanical 


120 


ro) 
s) 





Viscosity-millipoises 


0 4 8 12 16 20 24 28 32 36- 
Hours of heatin 


Fig. 70. Effect of holding temperatures on the viscosity of a 102 millipoise hide 
glue solution of a 12/,% concentration. 


Viscosity-poises 





Hours of heating 


Fig. 71. Effect of time and tem iscositi 
: perature on viscositi f 1/,: 
solution of a 104 millipoise hide nce + aa 
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agitator. At high concentrations the swollen mass may form such a firm 
jelly that the agitator cannot be run. 

A more practical method and one very generally used with mechanical 
mixers is as follows: Place the proper weight of cold water in the mixer, 
Start the mixer going and slowly add the correct, weighed amount of dry 
glue. As soon as all of the glue has been added, gradually turn on the heat 








Jelly strength-grams 








Hours of heating 


Fig. 72. Effects of time temperature on jelly strength of a 121/,% solution of a 324 
gram hide glue. 
and allow the mix to warm up as it goes into solution under constant 
agitation. Make sure that the glue solution being prepared is not heated 
above 140° F. 

When it is desired to prepare very heavy solutions of high testing hide 
glues or to prepare the hot solution for use as soon as possible, this can be 
accomplished by a slight alteration in the above procedure. Fill the converter 
with the required weight of hot water, 180 to 185° F. so that the temperature 
after crutching in the required weight of dry glue will be approximately 
140° F. but no higher. Continue the agitation at this temperature until 
complete solution has been effected. When prepared in the same container, 
the hot-water method will permit a glue solution to be prepared in about 
one-half the time required when starting with cold water. Constant agitation 
is absolutely necessary when preparing a glue solution in accordance with 
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this last procedure. A double acting agitator is preferred, that is one 
composed of two separate sets of blades, one turning clockwise and the 
other counter clockwise. One of the sets of blades should sweep and 
practically touch both the sides and the bottom of the container. The 
most efficient type of heat to use in the jacket is steam under partial va- 
cuum. Efficient converters, however, are made with electrically heated 
jackets. In all cases the heat should be thermostatically controlled and the 
holding temperature should not exceed 140° F. 

Maintaining the prepared glue solution at a maximum temperature of 
140° F. cannot be too strongly emphasized. The detrimental effects resulting 
from overheating glues should, therefore, be strongly impressed upon the 
operator. Such temperatures, in excess of 140° F, cause rapid hydrolysis or 
breakdown of the glue molecules and result in a rapid drop in the viscosity 
of the solution as shown in Fig. 69, 70, 71 and 72. 

With all animal glue solutions the rate of hydrolysis increases with an 
increase in temperature, varies inversely as to the concentration, and pro- 
ceeds more rapidly with high grade glue than with low, that is, the higher 
the grade of glue the more rapid will be the rate of hydrolysis. 

Hydrolytic decomposition reduces both the jelly strength and the 
viscosity of a glue solution. Usually the viscosity drops faster than does 
the jelly. A decrease in the jelly strength of a glue is evidenced by a 
progessively slower setting time after spreading. The effect is further shown 
by a lowering of the tensile strength and finally by a decrease..in the 
pliability of the dried film. 

The foregoing points have been enumerated to show why glue solutions 
should not be mistreated by overheating, provided one wishes to obtain 
maximum strength and the original toughness of the adhesive. 

A last warning should be made regarding the recommended minimum 
holding temperature for animal glue solutions. This figure is set at 125— 
130° F. since glue solutions held for any appreciable length of time at 
temperatures below this value may readily be attacked by bacteria. This is 
particularly true of the more dilute solutions. A suitable preservative such 
as the chlorinated phenols or cresols should be added; about 0.1% 
basis the weight of a dilute solution (below 25%). This amount may be 
altered somewhat, however, according to such variations as holding time 
and temperature. 

It is hoped that suggestions presented in the foregoing will help the 
users of animal glue to be able to use it to better advantage and thereby 
obtain more efficient results: 

The jelly and viscosity tests of animal glue as referred to herein were all 
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determined according to the Standard Methods for Determining Viscosity and 
Jelly Strength of Glue, as published in the United States by the National 
Association of Glue Manufacturers, Inc. For those who care to look into 
the detailed procedures for making these tests, references ** are given. 


§ 3. USES AND GENERAL DISTRIBUTION OF HIDE AND BONE GLUES 


The accompanying Chart (p. 155) was prepared and furnished by the 
National Association of Glue Manufacturers, U.S.A. 

Table 13 shows the percentage of the total weight of hide or bone glue 
used by each class of industry in the U.S. during the year 1943 while 
Table 14 shows the percent of the combined totals of hide and bone glues 
used by each group during this same period. 


TABLE 13 


SALES DISTRIBUTION OF HIDE AND BONE GLUE 
According to the amounts reported used by various industries during the year 1943 

















Hide glue | | Bone glue hy 
% of Total % of Total 

Industry Used Industry Used 
Abrasives Lik Gummed Paper & Cloth 49.8 
Wholesale Jobbers 11.0 Wholesale Jobbers il3 
Adhesives 9.8 Adhesives 6.3 
Textiles TEs Chemicals 5.5 
Paper Manufacturers 6.8 Paper Manufacturers aus 
Wood Working 6.6 Miscellaneous 6 Be 
Furniture 6.5 Paper Products 3.4 
Matches 6.1 Paper Boxes Be 
Cork Gaskets 4.7 Calcimine ay 
Gummed Paper & Cloth 4.5 Textiles 1.6 
Polishing Wheels 3.3 Woodworking 1.6 
Miscellaneous 3.1 Export 1.6 
Paper Products 25 Rubber 1.3 
Printed Rollers 1.9 Bookbinding 1.1 
Paper Boxes 1.8 Cork Gasket 1.1 
Book Binding 1 Y Luggage 0.9 
Chemicals 1,2 Ammunition Shell Containers 0.6 
Wall Paper 0.9 Abrasives 0.5 
Ammunition Shell Containers 0.8 Boxes, Wood-Fiber 0.4 
Calcimine 0.8 Wall Paper 0.3 
Boxes Wood-Fiber 0.7 Polishing Wheels 0.3 
Export 0.4 Furniture 0.3 
Luggage © 0.3 Barrel Sizing 0.2 
Barrel Sizing 0.2 

Rubber 0.2 

EE ee ee Pere eee - 





Total | 100.0% 





Total 100.0% 
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TABLE 14 


SHOWING WEIGHTED COMPILATION OF THE HIDE AND BONE GLUE 
COLUMS IN TABLE 13 








% of Hide and Bone Glue - 


Ind 
“sidered Used in 1943 








| 
| 
\ 
Abrasive 
Adhesives (Compounded) 
Ammunition-Shell Containers 
Barrel Sizing 

Book Binding | 
Boxes, wood-fiber 

Calcimine | 
Chemicals 
Cork Gaskets | 
Exports | 
Furniture 
Gummed Paper and Cloth 

Luggage 

Matches 
Miscellaneous | 
Paper Boxes 

Paper Manufacturers | 
Paper Products 
Polishing Wheels 


Ye ee ee ee 


to 
RRARUOMONUWHACROOWNAANUHO 


Printers’ Rollers 
Rubber 
Textiles 
Wallpaper | 
Wholesale Jobbers 
Woodworking ) 


_ 
ga TR metas pA wel eed el wel ooo ae 





Total 100.0% 





§ 4. INDUSTRIAL APPLICATIONS OF ANIMAL GLUE 


In view of the many industries and uses listed in the Chart (p. 155) and 
Tables 13 and 14, it is quite evident that it would be impossible to 
describe each individual application in any detail within the scope of one 
chapter. Instead, the discussion will necessarily be limited to a few of 
the representative industrial operations that consume the major portion 
of the animal glue production. 

Many industries prefer to use animal glue in its natural state, that is, 
without the use of additives. High tensile strength, toughness and rigidity 
are uppermost in the requirements of an adhesive for this class of industry 
of which the abrasive and woodworking fields are representative. These 
qualities are hot suitable, however, for many industries. By the addition 
of plasticizers, tackifiers, liquefiers, defoamers, tanning agents, etc. the 
scope of usefulness of animal glue has been greatly extended. 
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Additions of glycerin and glycols, for example, lend permanent flexibility 
to the glue film, necessary in bookbinding ‘printers’ rolls, rayon sizing, etc. 

Additions of sugar products and dextrines do not impart flexibility but do 
prevent animal glue films from warping on drying. These glues find use in 
paper box plants, for example, where flexibility is not required but a non- 
warping glue film is necessary. 

Additions of chemicals that have a liquefying effect upon animal glues 
prolong the tackiness of their films. Glues of this nature are required by the 
luggage trade, for example, where the assembly period may require as 
long as thirty minutes. 

Foaming is a natural quality of animal glues and is used to advantage 
in the manufacture of matches, preparation of emulsions, etc. Industries 
using high speed mixing and spreading equipment, however, require 
foamless glues. It is necessary to add defoamer to glues in order to meet 
this latter requirement. 

Many industries require an adhesive possessing the general working 
characteristics of animal glue, but one which will become highly water- 
insoluble after bonding. This can be accomplished by the addition of 
tanning agents such as ammonium bichromate, alum or formaldehyde. 
Such additions make animal glue suitable for use in the lithographic industry 
and for composition cork. 

Where jellying is a disadvantage, sufficient liquefiers can be added to 
produce a glue that can be used at room temperature. For this purpose one 
may add urea, thiourea, ammonium nitrate or other liquefying agents. 


(a) Gummed Paper and Cloth 


It may be noted in Table 14, p. 157, that more animal glue is consumed in 
the manufacture of this paritular commodity than for any other single 
class of products. Of all the glue produced in 1943, 26.9% was used in 
the manufacture of gummed paper and cloth. By far the majority of the 
glue consumed by this industry was bone. The reason is quite evident 
when one considers that only the low testing (low jelly strength) glues 
are cold water soluble. A glue must have this characteristic in order to 
produce a good gummed paper. One of the important requirements of a 
good gummed paper is the immediate development of tack or grab after 
being remoistened. Bone glue imparts these necessary qualities to gummed 
paper. For this reason, it is practically the universal adhesive used in the 
manufacture of this product. 

In order to acquire this rapid remoistening and setting qualities in a 
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gummed product the manufacturer may find it necessary at times to add 
certain ingredients to his heavy glue solution before coating the paper, 
in order that the finished product will meet specifications. Materials 
commonly added for this purpose are: fish glue, liquefied animal glue, and 
possibly glycerin. 

It must be considered that all animal glues are somewhat hygroscopic; 
that is, they exhibit a moderate affinity for water or moisture from the air, 
especially under conditions of high humidity. This, however, is one of the 
qualities of animal glue that helps to make it the preferred adhesive for 
all remoistening gummed products. If the humidity becomes too high 
where the tape is stored or if an excess of ingredients have been added for 
the purpose of improving the wetting properties of the product, making 
it more hygroscopic, then the glue film is more likely to absorb sufficient 
water to impart tackiness to the adhesive layer. Adhesion to adjacent layers 
occurs and upon drying out a permanent bond is formed. The tape is then 
said to be “blocked” and is of little or no value. It is only through experience 
that one can judge the proper amounts of such additives to use in order 
to improve the adhesive qualities of the product without causing it to 
become too hygroscopic. 

After the glue solution of about 50°% concentration has been prepared 
so that the finished product will meet requirements, it is added to the coating 
machine. Here it is applied to.a continuous sheet of paper that ultimately 
becomes a gummed product. 

The sheet of paper to be gummed may vary in width from about 27 to 
72 inches and travels through the coating rolls at a rate of 200 to 400 feet 
per minute. A perfectly even coating of the correct amount of glue on the 
paper web is necessary before it is subjected to the drying operations. The 
amount of glue applied will generally average from 20 to 25 % of the weight 
of the finished product. 

The gummed sheet must then be dried. This is a very important operation 
and improper handling will produce an unsalable product. It may be badly 
warped or it may block after being rolled up, due to insufficient drying 
even though the gumming composition was properly prepared. A few 
suggestions that may help to prevent some of these undesirable qualities are: 
(1) The warm glue film should not be hit with a hot blast of air immediately 
after being spread. This will usually cause case-hardening or a glazing over 
the glue film and thus hinder subsequent drying. 

(2) During the drying operation the gummed sheets should be kept taut 
or tensely stretched at all times to preclude the glue from warping the sheet 
as it dries since glue contracts appreciably upon the loss of water. 
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(3) Suggestions have been made by some operators that it improves the 
drying rates of glue films to first jell them, thus forming a micellar or net 
work structure which then serves as a means to keep the film more or less 
open during the subsequent drying period. This, however, is not standard 
practice, no doubt due to the mechanical difficulties that would be 
encountered in first chilling the film, then preheating it before entering the 
drier. A glue film which has been dried from a jelly may not make as good 
a gummed product as would one that has been dried without going through 
a jelly stage. This thought is based upon the fact that when a glue, dried 
from a jelly, is immersed in water it will absorb an amount of water in 
proportion to the water content of the jelly from which it was dried. In 
other words, a glue dried from a jelly containing 10% glue will, when 
immersed in water, absorb more water than will the same glue which has 
been dried from a jelly containing 50% glue. Likewise, a glue dried from 
a 50% jelly will absorb more water than will the same glue which had been 
dried without going through the jellied stage. The latter condition ap- 
proximates that of gummed tape. Such a glue, dried without going through 
a jellied stage, will not absorb water as will glue which has been dried in 
the conventional manner, but instead will dissolve slowly from the surface 
only. This is looked upon as an advantage for gummed papers. 

The adhesive layer of a gummed product should not be penetrated all 
the way through by the remoistening liquid. When this occurs it usually 
results in the adhesive layer being mostly removed. This action would 
probably occur much more often with a glue film that would readily absorb 
water as compared to one that would not absorb water so readily. If, how- 
ever, the adhesive film of a normally dried product is consistently removed 
by the remoistening operation, it usually indicates that the layer of dried 
glue on the tape is too thin. 

Most commercial gummed paper is dried by first passing the sheet over 
steam heated rotating drums in order to preheat the glue layer before it 
enters the glue drier where it usually passes through consecutive, increasing 
stages of heat with air at comparatively high velocities. It emerges at a 
fairly high temperature in a perfectly dried condition. This whole drying 
operation is of comparatively short duration, consuming not more than one 
minute. 

Leaving the drier, the gummed sheet is passed at a rather sharp angle 
over three bars respectively. One is located at right angles to the direction 
of the paper, one is 45° to the tight of the paper direction and the third 
is 45 * to the left. Passing over these various angles puts millions of tiny 
cracks in the glue film on the surface of the coated sheet. Such a condition 
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serves at least a two-fold purpose. First, the sheet is made quite flexible 
and as a result greatly facilitates subsequent handling operations by reducing 
the tendency to curl. Second, water will penetrate or dissolve the film 
faster through the broken surfaces of these fractures than through the 
originally dried surface, due to more or less case-hardening of the latter. 
This second reaction results in a more rapid wetting of the film and ulti- 
mately aquicker development of tack, a very important quality of a good 
tape. | 

As previously mentioned, the bulk of gummed tape is‘ made with a 
low testing bone glue, since its rate of developing tack with cold water 
is of greater importance than its ultimate tensile strength. There are, 
however, certain operations where strength of bond is an important 
requirement. An example of this is the gummed cloth (sisal) which is used 
on the corner construction of fiber boxes. This tape must withstand unusual 
strains. A similar type, prepared from a heavy kraft paper, is used in binding 
the corners of smaller boxes. Such tapes are coated with a blend of medium 
testing hide and bone glues, the grades depending upon the requirements 
of the end use. 

Whenever the test of the glue appreciably exceeds that used on ordinary 
sealing tape it is usually necessary to use warm water as the remoistening 
agent in order to produce the proper tack as such glues are susually not 
soluble in cold water. It has been found that in many cases the addition 
of a product such as dextrine to remoistening solution improves its weta- 
bility and thus improves the bonding qualities of the tape. 


(b) Surface-Coated Abrasives 


Surface-coated abrasive products in which animal glue is used as a binder 
comprise some 400 different items. These include specific types and 
weights of backing, specific types of abrasive, and abrasives of different 
particle size classification. | 

Fabrication of coated abrasives depends upon the use of a satisfactory 
adhesive. Animal glue proved itself long ago to be the most efficient 
adhesive for this particular industry. Some of the principal reasons for its 
selection are: (1) rapid set due to its jellying property, (2) specific adhesion 
to the surfaces of the abrasive particles, (3) toughness of film, (4) resistant 
of the dried film to shock, (5) durability of the bond when stored under 
favorable conditions, (6) economy of use, and (7) ready availability. 

In the manufacture of surface-coated abrasives animal glue is applied in 
two separate coatings. The first coating, called the ‘‘maker-coat’’, is applied 
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to the desired backing as a heavy solution of a high testing, high tensile 
strength hide glue. The solution may be as heavy as 50% concentration, 
depending largely upon the particle size being coated. The purpose of this 
first coating is to anchor the abrasive particles to the backing. The glue as 
applied must be as free from foam as possible. The application of glue to 
the backing is similar to that of gummed paper and cloth. 

Immediately after an even coating of the hot glue has been applied to 
the backing the proper amount of the desired abrasive is applied. At this 
point the adhesive must exhibit the following characteristics: It must first 
be sufficiently fluid to permit the abrasive particles to imbed themselves. 
It must “wet” the surfaces of the abrasive particles as well as the backing, 
thus insuring good bonding qualities. Very shortly after the abrasive 
becomes imbedded in the adhesive layer, the latter must set or become firm 
in order that the coated sheet can be handled without fear of disturbing the 
orientation of the abrasive particles. Animal glues have these qualities. 

After the glue has set sufficiently to permit handling, the coated sheet 
is sent through a preliminary drying zone. This operation further sets up 
or strengthens the glue-abrasive-backing combination. It is then ready to 
be sent through a second glue-coating machine called the “top-sizer”. A 
much lighter glue solution is applied at this time although the same grade 
of glue as used for the “‘maker-coat” is generally used. This coating is 
applied to the surface of the abrasive for the purpose of binding more 
firmly the loosely held surface grit which is not securely held by the “maker- 
coat.” 

Leaving the “top-sizer”, the coated sheet is passed into a second drying 
compartment where it is completely dried. The proper removal of moisture 
from this finished sheet is an important Operation. Quite in contrast to 
the method previously described for removing moisture from a sheet of 
gummed paper (see p. 159), this operation is necessarily a much slower 
one. The principal reason for this difference is the much heavier coating 
of glue to be dried; also the fact that this glue layer is being dried 
from a jelly. As the coating is much heavier, it means that greater difficulties 
will be encountered with warping if the sheet is dried too rapidly. 

Since the glue on coated abrasives has been set by the congealing of the 
glue, too much heat in the drying operation would cause the adhesive to 
soften sufficiently to disturb the orientation of the abrasive particles and 
thus damage the quality of the finished product. As a result, the two most 
important conditions that must be kept under control during the drying 
Operation are temperature and humidity. The drying temperature must be 
kept sufficiently low so as not to soften the adhesive layer. As the drying 
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progresses, however, the softening point of the adhesive correspondingly 
increases, thereby permitting the temperature to be increased. 

During the drying operation the humidity of the air should be controlled 
to permit economical drying and at the same time prevent casehardening 
of the adhesive layer. A controlled drying rate avoids formation of strains 
within the glue film and between the glue-abrasive interface. Casehardening 
occurs when drying is too rapid or the relative humidity is too low. As a 
result, the pores of the surface of the adhesive become sealed and thus 
measurably decrease the drying rate. When the humidity is too high, on 
the other hand, the rate of drying is decreased. The optimum conditions for 
any one particular plant would, therefore, have to be determined, as it 
would depend upon available equipment and methods of operation. 

Although by far the bulk of coated abrasives are still made with animal 
glue as a binder, there has been a trend in recent years toward the use of 
synthetic resins. Today, one of the general uses of such resins is as a 
“top-size” over an animal glue base coat. However, when highly water 
resistant coated abrasives are required, they are usually bonded with straight 
resin. The resin used is always of a thermosetting nature and usually of 
a phenolic type. 

Another departure from the use of straight animal glue is the use of 
a mixture of the latter with an inorganic filler such as marble dust. This 
combination is described in U.S. Patent 2,322,156. Such coated abrasives 
find use in the preparation of sanding discs where high temperatures are 
encountered while in use. 


(c) Polishing Wheels 


Although resins are used almost exlcusively as a binder in grinding wheels, 
animal glue is still the preferred adhesive for making polishing or “set-up” 
wheels. Accurate control of temperature and humidity is just as imporatnt 
in this operation as in the fabrication of surface-coated abrasives. Con- 
siderable progress has been made toward the control of atmospheric 
conditions in the wheel “set-up” room. Polishing room men are quite 
climate conscious. Thermometers and hygrometers to measure the temper- 
ares and the amount of moisture in the air respectively have become stand- 
ard equipment. Air conditioning and dehumidifying units have done much 
to eliminate difficulties formerly caused by excessive humidity. 

Glue is equally sensitive to cold and heat and as a result, uniform 
temperature must be maintained in order to have polishing wheels set 
properly. Experience has shown that a temperature of 80° F and a relative 
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humidity of 45 to 55% provides ideal “set-up” conditions. In addition to 
constant temperature and humidity, the polishing room must be free of 
drafts and so arranged that glue can be applied to the wheel and the entire 
set-up operation carried out as quickly as possible to prevent the glue from 
congealing during this operation. A glue that is permitted to jelly during 
the assembly operation results in a poor adhesive since the grain will not 
adhere to a jellied glue layer. 

Draft may cause the glue liquor to congeal even in the short interval 
between the time the glue is removed from the pot by a brush and applied 
to the face of the wheel. Accordingly, the layout of the polishing room 
will require that windows and doors be “draft-proofed,” and that the 
polishing wheel be placed as closely to the glue pot as possible. The hot 
glue solution is applied to the face of the wheel, usually with a brush, and 
the wheel immediately rolled in a trough of abrasive grain until it has picked 
up all the grain that it will hold. The glue coating will pick up grain in 
proportion to the amount of pressure that is applied in rolling the wheel 
through the trough. It is necessary, therefore, to maintain uniform pressure 
in order to achieve uniform polishing results. 

Temperature is still a controlling factor when glue is again applied to 
the face of the wheel now covered with abrasive grain. A cold surface, for 
example, coming in contact with a hot glue film will cause immedate 
gelation and thus markedly reduce the ultimate bonding power of the glue. 
Actually, the action is similar to that of a cold draft striking the glue and 
the ultimate results are the same, that is, the glue loses much of its bonding 
power and shrinkage-cracks may develop across the face of the wheel 
head. 

In order to eliminate this danger, provisions should be made in the 
polishing room to warm both wheels and abrasive grain to temperatures 
of 100 to 120° F. When the wheel head components are thus heated, glue 
can be safely applied at its normal holding temperature of 140° F. 

One may question further the reasons for heating or warming the wheel 
and abrasives. First, it allows the glue to set slowly and naturally instead of 
causing it to congeal quickly. Slow setting allows glues to attain maximum 
Strength under normal conditions. Too rapid chilling or congealing of 
the glue does not allow for proper penetration, causing weakness of bond 
which may result from lack of contact, or poor contact; from poor adhesion 
due to the inability of the chilled glue to “wet” or bond to wheel or grain; 
from internal stresses set up when drying an excessively thick layer of glue. 

After the completely fabricated set-up wheel is transfered to the drying 
oom, atmospheric conditions are still subject to control to insure that the 
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dried wheel will be free from defects that will otherwise result in short life 
or sub-standard quality. 

Animal glue is a reversible colloid; that is, it is capable of alternately 
jellying and melting. It also has the ability to absorb or release moisture. 
In cold water while soaking, for example, it may absorb as much as ten 
times its weight of water. Glue, however, attains its maximum tensile 
strength when its moisture content is in the range of 10 to 14°%. Thus 
both temperature and humidity of the drying room are so adjusted as to 
allow the set-up wheel to reach this level of maximum stfength. Such 
conditions for ideal drying have been found to be about 85° F and 50% 
relative humidity, although satisfactory results have been obtained from 
wheel drying rooms held at 75° F and 45% relative humidity as well as 
90° F and 55° relative humidity. 

When proper drying conditions are maintained, most single coated 
polishing wheels can be satisfactorily dried within 24 hours and double- 
coated wheels in 48 hours. Air conditioning and dehumidifying units 
enable both small and large polishing rooms to maintain uniform conditions 
throughout the year. This is a long step forward from the time that polishing 
rooms had to shut down for weeks because excessive humidity would not 
permit the animal glue to set, thus resulting in poor wheel life as well as 
performance. 

Atmospheric conditions being uniform, other variables that affect drying 
conditions of animal glues are the density and thickness of film. This applies 
directly to the drying of the abrasive glue head and the density of the 
material forming the wheel face. In case of polishing wheels, thickness of 
the wheel head is the most important factor. Here, the strength of the glue, 
the abrasive grain size, and the number of coats applied determine the 
thickness of the head or the glue-abrasive layer. The thicker the head 
naturally the longer the drying time. It becomes evident from the foregoing 
that the glue solution will be thicker or thinner depending upon the type 
of work to be done by the polishing wheel. Plow shears may be used to 
illustrate this point. Wheels set up for this coarse work require more glue 
and more drying time than those set up to do fine grinding work. Both 
types may have the same number of coats, but whenever the grade or test 
of the glue is varied, the drying time will also vary accordingly. 

Failure to dry the wheels properly may result in either underdrying or 
overdrying. Whenever the wheel is underdried, the glue head does not 
attain full strength. Such a wheel cuts slowly, inefficiently, vlazes rapidly, 
and may even lose portions of the head while in operation; a dangerous 
condition. Overdrying, on the other hand, causes excessive brittleness and 
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failure of the glue to hold the grain. In such cases the grains will tear out of 
their sockets. 

Finally, to test a wheel that is drying, hit it with a round steel bar and 
observe the readiness with which the glue film cracks. If it is still green or 
wet, it will not crack at all. If, on the other hand, the wheel is too dry, it 
will crack and splinter readily. 

It is well to remember that the many charateristics of animal glues which 
have been discussed in some detail in the above application are more or 
less true for the behavior of animal glues when used in most other gluing 
applications. They should all be kept in mind when using hot animal glues 
as adhesives in order to obtain maximum bonding for the grade of glue used. 


(d) Paper Manufacture 


Since paper was first invented, its production and use have been closely 
associated with the use of animal glue. Beginning with the first step in the 
conversion of pulp to paper in the beater, and following the process through 
to the ultimate drying of the paper sheets, animal glue is intimately involved 
in most of the operations of paper manufacture. With the mechanization 
of paper production through such equipment as the Holland Beater and 
Fourdrinier “‘wet-ends”’, the applications of glues have found ever wider 
uses. Today their uses in paper manufacture can be divided into the 
following general types of application: beater sizing, surface sizing, machine 
coating and finishing operations. 

A small percentage of animal glue is used in the beater for the purpose 
of surface sizing the fibers and also to serve as a colloidal flocculating agent 
in order to prevent the excessive loss of fibers and fillers through the 
effluent waters running out of the beater, the paper man’s term for which 
is “white water”. This is commonly brought about by maintaining the 
pH of the beater water at about 4.4 by addition of paper-maker’s alum 
(aluminum sulfate), 

A newer development employing this same principle is the SvEEN 
process. In 1927 a Norwegian, Karu SvEEN, was granted U.S. Patent 
1,622,474 on a “Process of Effecting Agglomeration in Paper Pulp”. Just 
before the paper pulp, mordanted with aluminum sulfate or some other 
mordant, passes on to the wire cloth, forming the incipient paper sheet or 
web, a small quantity of animal glue solution is added. A marked impro- 
vement is noted in the ability of the pulp to retain the filler and also in the 
recovery of the filler and fibrous material from the white water. The effec- 
tiveness of the glue for this purpose is said to be markedly improved if it 
is first aged for a few days at below normal room temperature. 
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The glue solution is prepared by dissolving one pound of glue in about 
12 gallons of water. The pu is then adjusted with alum so as to fall between 
4.2 and 4.4. According to the inventor, a coagulation takes place as a result 
of the reaction between the glue and the alum (aluminum sulfate) present 
in the pulp. This coagulation is characterized by “large, quickly-descending 
particles”. LoDDENGAARD ® states that during the aging period the glue 
particles undergo a very marked change; the fresh hydrophile glue particles 
change to hydrophobe particles. It is claimed that the SVEEN process requires 
only = of a pound of glue for each ton of finished paper. 

After experimenting with gelatins, glues, starches, waxes and soaps in 
engine sizing, mill-men found more than one hundred years ago that rosin 
soap treated with alum in the engine sizing operation imparted water 
resistance to paper. Some paper makers add animal glue to the beater in 
conjunction with rosin size and find that paper so treated has many desirable 
qualities. Glue used in this way affords a protective colloid and is particu- 
larly useful in combating local difficulties with hard water caused either by 
natural conditions or by the use of fillers containing carbonates. 

Again, in the manufacture of fine paper in which relatively small amounts 
of rosin sizing are used, the use of animal glue greatly improves the stock 
by encouraging the retention and dispersion of the rosin. Animal glue is 
also used in the making of hard finished boards and papers, body stock for 
coating, kraft for use in gummed papers, thin tissue for cable insulating or 
for spinning and twisting paper. Here the glue either imparts exceptional 
strength to the paper as in the case of gummed tape, or in the case of hard 
finished boards, eliminates surface fuzz without making the product brittle. 


(i) Paper Sizings 


> «fC 


In the manufacture of paper, the terms “tub sizing’’, ‘‘surface sizing”’, and 
“top sizing” are all used to refer to the process of applying gelatin, glue, 
or other sizing materials to paper that has been formed into sheets of a 
continuous web. Prior to the manufacture of paper in webs, it was the 
general practice to immerse the hand made sheets in a tub of animal glue 
or starch size. Hence the name “tub sizing” which has persisted to the 
present day. It is now used interchangeably with “surface sizing”, the name 
commonly applied to the process of drawing the continuous web of a 
‘machine made paper through a sizing bath. 

Many sizing experiments have been conducted by paper manufacturers 
as well as by the U.S. Bureau of Standards to determine the best materials 
or combinations of materials to be used. Tests have shown that glue tub 
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sizing renders paper relatively non-absorbent and gives it a smooth hard 
surface, the writing quality of which is superior to that obtained by the use 
of rosin alone. In addition, tub sized paper exhibits other desirable qualities 
such as firmness, resilience, and the ability to withstand repeated erasures. 
Strength and resistance to wear are also present in greater degree than 
when mixtures of starch or starch and animal glue were used. 

Tub sizings are used in the manufacture of rag content bond and ledger 
papers. Certain photographic, blue printing, and special papers are also tub 
sized whenever permanency of record is especially desired. A recently 
expanding application is to be seen in the offset lithographic industry where 
greater efficiency in production results from the longer life which glue tub 
size imparts to the offset plates and blankets. Perhaps the most popular 
use of animal glue sizing is the dollar bill. Constantly subjected to creasing, 
folding, and crumpling, paper money must be able to withstand repeated 
handling. The Bureau of Engraving and Printing of the U.S. Government 
specifies sizing of all paper used in the manufacture of currency with animal 
glue. This sizing increases the folding endurance as well as the resistance 
to moisture, rubbing, and cracking of the bills. 


(ii) Paper Coatings 


Another important phase of paper manufacture and one in which animal 
glue is used for special effects is the production of coated papers. For 
instance, glue is commonly used in producing playing card stock, glazed 
papers, and other surfaced papers to meet unusual requirements. 

Coated papers consumed in large part by the graphic arts industry and 
for packaging materials are prepared with mineral coatings. These are 
bound together and to the body of the sheet by a suitable adhesive, usually 
casein, soya protein, glue, or starch or a combination of two or more of 
the foregoing. The “coating mix” or “color mix” is prepared by suspending 
a mixture of mineral and adhesive in water and adding, in some cases, waxes, 
soaps, or similar softening or finishing agents. 

Several factors may be involved in the selection of the proper adhesive 
for coating work such as adhesiveness, clay-suspending capacity, and water 
resistance. 

Animal glue has a tensile strength of 10,000 to 12,000 pounds per 
Square inch with the result that when the sealing wax pick test is 
conducted for this adhesive, the paper will be completely torn through. 
The clay-suspending capacities of glues do not always improve uniformly 
with increasing jelly test although they always increase or diminish with 
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like changes in the viscosity of the glue, as indicated by the sealing wax 
pick test. 

Glue bound papers, used in certain processes such as those requiring 
repeated impressions of multicolor work, may be made more water resistant 
by the use of tanning or glue-hardening agents such as chrome alum, 
formaldehyde, or condensation products of the latter. Different grades of 
glue vary in their reactions to these materials. The higher grades require 
less of any tanning agent than do the lower grades in developing the same 
degree of water resistance. 

While animal glue bound paper on the one hand permits the use of 
thinner and more fluid inks than does paper bound with substitutes, it can, 
on the other hand, give just as successful results with the heavier and more 
viscous inks. 


(iii) Some New Applications of Glue-Sized Papers 


By virtue of glue sizings and coatings, paper has found increasingly wider 
use by the graphic arts. One of the latest examples of the extension of the 
use of paper through the application of glue is paper furniture. Fibre reed 
furniture, made from strong twisted paper, is sized with animal glue. This 
protective coating imparts exceptional durability to the paper, and the same 
application is made use of for clothes hampers, baby carriages, waste paper 
baskets, etc. The paper gasket and the paper “‘can” also are in use today. 
Glue impregnated paper gaskets were used on large numbers of military 
engines for tank, car, and aircraft use to provide airtight and gasproof 
seals. This flexible, easily processed material is said to offer a tight seal, 
is easily removed, does not flux to metals and is more vibration proof than 
regular gasket materials. The paper “can” is equipped with a paper lining 
of plasticized glue and has been used successfully as a container for motor 
oils. 

Still another war example of the successful glue-paper combination was 
the durable paper tube adopted as a shell container when condensation 
developed on the inside of metal shell containers in the humid atmosphere 
of the Pacific, resulting in corrosion of the shells. Paper tubes, joined with 
animal glue, served the purpose and kept the shells dry, clean, and free 
from corrosion. 


(e) Woodworking 


Few products can match the long and useful history of wood. One such 
product is animal glue. When used in conjunction with wood, animal glue 
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has created durable tools and weapons as well as household possessions 
for man for thousands of years. 

Some of the desirable qualities of animal glue for woodworking are 
high tensile strength, free flowing consistency, quick set, non-staining 
action on wood, and adaptability to different use conditions. 

With most woods animal glues are capable of creating bonds second to 
the strength of metals in terms of tensile strength. Properly prepared glue 
bonds are capable of withstanding stresses of 10,000 to 12,000 pounds per 
square inch. Since the shear strengths of most commercial woods is consider- 
ably less than the foregoing values, it is evident that there is a wide margin 
of safety to insure strong joint work. The attainment of such bonds, 
however, depends in large part on the technique of handling the glue and 
the preparation of the wood prior to gluing. Recommended concentrations 
for different grades of animal glues for use in woodworking are stated in 
Table 15. 

















TABLE 15 
RECOMMENDED CONCENTRATIONS FOR ANIMAL GLUES IN WOODWORKING 
Jelly test Parts of water Parts of dry glue 

(see p. 153) by weight by weight 
120-150 grams | 13/, to 1 
150-175 _,, ! 13/, to 1 
175-205 __,, 1%/, to 1 
205-235 _,, Py. to i 

(2) 235-265 _ ,, 2 — to 1 
265—296__,, 2'/,. to 1 

(1) 295-330 ,, 2'/, to 1 
330-360, 23/,— to 1 
360-395, 2). - to 1 
305-425 23/,—3 to | 1 











The actual viscosities in poises of a couple of the above mentioned glues 
designated as (1) and (2) at various concentrations, at 140° F are illustrated 
in Fig. 73, 

In the foregoing discussion on “set-up” wheels, (see p. 163), the process 
of bonding was described in detail. It will be remembered that success in 
making a satisfactory bond with hot animal glue is dependent quite largely 
upon the consistency of the solution at the time of contact on the parts to 
be bonded. This condition applies especially to the use of animal glue in 
the bonding of wood. Although such factors as temperature of solution, 
temperature of the wood, temperature of the glue room, amount of glue 
spread, concentration of the glue solution, and assem} ly time all influence 
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greatly the consistency of the glue solution, the real underlying influences, 
however, are the jellying power and viscosity test of the glue itself. 

When all of these variables are co-ordinated properly together with 
good machining of the wood and adequate pressure, maximum joint 
strength will result The maximum percentage of wood failure will take 
place when ruptured (see Fig. 74 (1) ). 


Usually the greatest variations occur in temperature of the wood, 
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Fig. 73. Relationship between the viscosities of two commonly used 
woodworking glues at varying concentrations at 140° F. 
Curve 1: 104 millipoise hide glue. 
Curve 2: 85 millipoise hide glue. 
temperature of the glue room, and the assembly time. These variations may 
be offset by compensatory adjustments in such easily controlled variables 
as concentration and temperature of solution. Occasionally, however, 
variations in technique occur without setting up the proper counter- 
balancing change. In such cases the result is one of three conditions 
representing poor gluing practice:astarvedjoint,a chilled joint,ora dried joint. 
The starved joint (see Fig. 74 (2) ) has insufficient glue in the joint, as 
the term suggests, and usually is caused by any one or a combination of the 
following factors: too high solution temperature, too thin solution, 
temperature of the wood too high, excessive pressure, or too short assembly 
time. 
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Fig. 74. Photograph of tvpe 


f joints produced with animal glue under varying 
gluing conditions. (1) \ 


glued joint; (2) Starved joint: (3) Chilled joint; (4) 
Dried joint. 
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The chilled joint (see Fig. 74 (3) ) is often characterized by an excess of 
glue in the joint. Chilling of the glue before applying pressure precludes 
proper contact with the wood. In this case the condition is caused by one 
or a combination of the following variables: glue solution too heavy, 
solution too cool, wood too cool, too long assembly time, too thin glue 
spread, or insufficient pressure. 

The third type of poor joint is the dried joint (see Fig. 74 (4) ), one in 
which the glue film had dried before pressure was applied. The dried 
effect may also be the result of overheating the wood. Warm, dry wood 
promotes a rapid transfer of moisture from the glue film to the wood as 
well as evaporation into the atmosphere. Other factors, in the order of 
their importance, contributing to this condition are long assembly time, 
thin glue spread, and thin glue solutions. 

Regardless of the type of poor gluing practice, corrective changes can be 
made readily and easily. As previously stated, the most commonly used 
corrective changes are proper adjustments in concentration and temperature 
of solution, especially the former. If further adjustments are necessary, 
consideration may be given to such factors as temperature of the wood, 
temperature of the glue room, glue spread, moisture content of the wood, 
assembly time, machining of joint area, pressure, and time in the clamps. 


(f) Textile Processing 


The art of rayon warp slashing or sizing can be said to have begun in 
1919 when C. B. Jonnson constructed the first multi-cylinder warp sizing 
machine. Previous attempts to size rayon warps on single drum cotton 
slashers were unsuccessful for quantity production. 

With mechanical obstacles overcome, mill men were then able to turn 
attention to other problems, chiefly chemical in nature. Satisfactory trade 
acceptance of rayon textile fibers depended largely on the finding of a 
suitable sizing agent for protecting the delicate filaments during the 
weaving process. Natural fibers, possessing natural gums or oils for lubri- 
cation purposes, exhibit fairly high elasticity and strength. Synthetic yarns, 
devoid of these natural oils, require a protective coating of a size imparting 
great strength, elasticity, resilience and lubricating properties to permit 
proper processing. 

The period between the two world wars witnessed the expansion of the 
rayon industry to its present production of more than one-half billion 
pounds yearly; it also witnessed almost universal acceptance of animal 
glue as the practical substance for use as a binder on filament rayon. Certain 
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waxes, starches, and linseed oil had also proved satisfactory in the slashing 
operation. However, it is necessary that any substance deposited on the 
yarn while sizing the warp be not permanently attached to the fibers. It 
must be capable of easy and economical removal by dyers and finishers. 

In contrast to the use of enzymes, dissolving chemicals, or boiling, when 
starch size was previously used, the animal glue sizings merely require 
short soaking in cold water followed by melting in a jacketed kettle at 
moderate temperatures. Wide range of animal glues available, ease of 
mixing with plasticizers, stability, and ease of removal of the film on low 
temperature scouring were among other factors leading to the general 
acceptance of animal glue as the ideal sizing material. 

In addition to its use in sizing the warp, animal glue is also used for 
crepe yarn soaking. In the finishing processes it provides a dye stabilizer, 
slip proof and splash proof silk hosiery. It can be used for weighting, ribbon 
finishing, and on nylon and vinyon yarns. 


(i) Use in Sizing Rayon Yarns 


Continuous filament rayon yarn has many filaments in parallel position. 
Size binds these filaments together and provides them with a flexible coating. 
Such a coating is not designed primarily to increase the strength of the 
yarn but to serve as protection against spreading filaments and abrasion 
during weaving. Size must not reduce the natural elongation of the yarn. 
If the size is not sufficiently flexible to stretch and contract to measurable 
limits, loom efficiency is reduced and substandard cloth will result. 

Grades or types of animal glues used for this purpose will vary for the 
different deniers. Acetate rayon yarns are less water absorbent and require 
higher size concentration. Viscose rayon yarn is highly water absorbent 
and so offers little resistance to size penetration. Surface friction is reduced 
owing to its less static nature and so a lighter size coating can be used. 

Most spun rayon yarns consist of short staple fibers, similar to cotton, 
and are spun on cotton machinery. Use of starch sizing presented difficulties 
inasmuch as either enzymes or boiling were needed to remove the starch. 
The former was expensive and the boiling tended to destroy the character 
of rayon. 

Tests have indicated that a mixture of glue acting as a binder and soluble 
dextrin acting as a filler gave best results. The boil-off was skipped entirely, 
and desizing was done on the dye jig. 

Taffeta, the easiest weave on the warp, requires the lowest size concen- 
tration to protect the yarn against abrasion. Satin weaves, on the other 
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hand, are more severe on the warp and require higher concentrations 


(ii) Use in Rayon Throning 


Glue plays an important role in the rayon throwing industry. Prior to 
twisting or spinning, the yarn is soaked in a glue solution. Hot water is 
absorbed and carried directly to the core of the yarn, thus insuring uniform 
contraction when the goods are subjected to the boil-off process of the 
dyer and finisher. It was quickly discovered that a low concentration of glue 
or gelatin would produce a'long wave in the yarn and a high concentration 
a produce a short wave—hence the expression, coarse or fine pebble 
goods. 


(iii) Use in Finishes 


The main factor in any slashing solution is the balance of softener to glue. 
The greatest portion of animal glue used with textiles is used for rayon 
sizing. Its use as a stiffening agent in the finishing of textile fabrics is not 
so well known, since many cheaper sizes are available. Animal glue is 
recognized for its outstanding property as a protective colloid, particularly 
in preparation and stabilization of many water-repellent and splash-proof 
finishes currently available on the market. The low concentration of animal 
glue required to produce a stable, fine particle sized emulsion of waxes 
and/or metal soaps in this particular class of water repellent finishes permits 
greater economy in use and eliminates need for loading the finish with 
excess emulsifiying agents. Properly controlled, the animal glue in such 
finishes may also serve as a water resistant size in its own right. 


(iv) Use as Dye Leveling Agent 


Again as a dye leveling agent, animal glue serves as a very effective protec- 
tive colloid. The relatively small quantities of animal glue required to insure 
even take-up of the dye by the fabric permits great economy in use. The 
neutral chemical reaction of animal glue precludes any undesirable side 
reactions within the dye. 

Careful surveys of specific mill requirements have recently made possible 
recommendations for the use of extenders with animal glue. The wide 
safety factor inherent in the sizing properties of animal glue has at times 
permitted a reduction in size requirements where extremely close plant 


sizing control is practised. 
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(2) Calcimine 


Whenever one finds a high grade calcimine, the incorporation of a good 
grade of animal glue is evident. This close relationship exists since calcimine 
is basically a physical structure, held together with animal glue. The pigment 
is usually whiting, clay, marble dust, mica, and color. The animal glue 
binder is used to bind these materials together. 

The outstanding property of animal glue, making it very suitable for 
use in calcimine, is its high binding power; that is, its property of bonding 
the powdery materials to themselves and then to fasten a film of the materials 
to a plaster surface. A high bonding power alone, however, would not 
qualify an adhesive for this purpose. Besides possessing high degrees of 
adhesiveness and strength, the adhesive must be available in the dry state. 
It must be powdered and of a density not too different from that of the 
finished product in order to prevent sifting or separation of the ingredients 
into layers while in transit. In addition to the foregoing qualities, the 
adhesive must be readily soluble under conditions of practical use on the 
job. The adhesive must disperse or spread completely through the solution 
in order that each inert particle of pigment is completely coated. At the 
same time it must supply the proper viscosity or body necessary for brush 
application so that the operator can spread the mix quickly and uniformly 
to a thin film on the surface. 

After application, the adhesive must be able to dry into a continuous 
film, rather than become broken and collect in small droplets or globules. 

All of these adhesive requirements set forth above as being necessary 
for use with calcimine are possessed by the proper grade of animal glue. 
The last requirement mentioned, namely, that of being able to dry ina 
continuous film, without migration, contributes probably the most to 
give calcimine very satisfactory permanency, permitting cleaning with 
wall cleaners. 

Animal glue’s ease of solubility from the dried film by warm water 
contributes greatly to the ease of removal of an old coating of calcimine, 
making it a simple operation when using a large sponge. The addition of 
a small amount of alkaline wall cleaner to the water will hasten the removal. 
The age of the calcimine film and its degree of dehydration will have no 
material effect on the ease with which the old calcimine may be washed off. 
In other words, calcimine is permanent as long as it is kept dry, but presents 
no problem when removal becomes necessary. 

Through laboratory developments, animal glue manufacturers have 


produced calcimine type glues that are free of odor, sufficiently light in 
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color to prevent off-shades in the final product, free of natural animal 
greases, and also free of chemicals that might adversely influence such 
properties as spreading or color. Control of px of the finished glues in the 
factory has contributed toward higher quality and better uniformity of 
glues for this particular purpose. 

Two types of glues are used for calcimine, namely, a pure hide glue for 
use in a hot-water product, and a bone glue for use in a cold water product. 
Since the use of hot water is an absolute necessity with hide glue, the use 
of this adhesive is restricted to only those jobs where hot water is available. 
Bone glue, on the other hand, will develop full adhesive strength in warm 
water, or water which is not too cold. 

The calcimine industry uses three or four different grades of each type 
of glue, hide and bone, in preparing different grades of calcimine. It is to 
be expected that the higher grade of glue used, the smaller is the amount 
necessary to produce a satisfactory calcimine coating. 


§ 5. ADDITIONAL APPLICATIONS 


Due to the limitations of space that must be observed in attempting to 
discuss in any detail so broad a subject as this one, it will be necessary to 
touch only briefly on a few more applications. 


(a) Composition Cork 


High grade hide glue is used as the binder for shredded or ground cork, 
in order to form it into sheet stock of desired thickness. 

The glue solution is prepared, as previously described on p. 151, and 
then a predetermined amount of glycerin and hexamethylenetetramine are 
added just before the hot glue solution is added to the ground cork. This 
mixing is accomplished in a heated tumbler, in order that every particle 
of cork be coated with glue before the latter congeals. 

The mix is then emptied into containers and aged in the open room 
for 24-48 hours. After this drying period the treated cork, still in a granular 
form, is fed to various types of machines which form it into sheets, blocks, 
or rods, according to end use. During this transformation the treated cork 
is subjected to heat and pressure at which time the previously dried glue 
layer melts, as a result of its glycerin content, and at the same time the hexa 
compound breaks down and gives off formaldehyde which insolubilizes 
the animal glue. The finished sheets may be used as a substitute for regular 
sheet cork. The rectangular blocks may be sliced into sheets which in turn 
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may be stamped into such items as gaskets, while the rods, about one inch 
in diameter, are sliced into wafers for use in beverage bottle caps, to effect 
a perfect seal. 


(b) Printers’ Rollers 


The early discovery of the ability of a glue glycerin composition to carry 
and transfer printer’s ink from the inking pad to the type was the sole 
reason for the early perfection of the first printing press. 

Until comparatively recently, practically all printers’ rollers were made 
from glue and glycerin. A high testing hide glue was used along with 
considerable glycerin. Formulations varied according to the type of work 
to be done. A comparatively small amount of water is incorporated, since 
the finished rolls must not give off nor absorb appreciable moisture, as 
this would result in a change in the dimensions of the roller. 

With the invention of the high speed printing presses, the standard 
glue-glycerin rollers became unsatisfactory, as the generation of heat from 
the high speed machines would cause the all glue-glycerin rollers to melt 
down or become slightly off-center. 

This difficulty was first corrected, temporarily, by insolubilizing the glue- 
glycerin rollers. Today, such presses use rubber rollers, usually coated on 
the surface with a thin glue-glycerin layer. This coating is used since no 
composition, to the writer’s knowledge, has as yet proved as satisfactory 
for this particular purpose as the glue-glycerin composition. 

Many combinations of rollers are used in the ptinting industry at the 
present time, however, the solid all glue-glycerin rollers are now found 
only on hand or slowly operated presses. | 


(c) Photogelatin or Collotype * 


Photogelatin or Collotype is a reproduction process representing one of 
our earliest applications of gelatin into this field. An outstanding charac- 
teristic of this type of printing is that the plate bears a very fine irregular 
screen, which originates from an almost invisible wrinkling of the gelatin 
surface. 

This process is probably more commonly used in Europe than in America, 
since it represents a rather time consuming operation and one not suited 
to high speed production. Instead, it is commonly employed in the 


* This represents a summary of an address delivered by Water FREDERICK, President 
of the Frederick Photogelatine Press, Inc., New York City, and THomas D. Hook, 
Vice President and Sales Manager of the Black Box Photo & Collotype Studio, Inc 

Chicago, III. , r 
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reproduction of such material as murals, oil paintings, water color 
prints, pencil sketches, architectural drawings and the like. 

Preparation of the printing plate is somewhat similar to that used in 
offset printing. A formulation comprising gelatin, potassium bichromate, 
and ammonium bichromate is used to produce the plate coating. The 
proper technique of preparing the bichromate-gelatin solution is a direct 
function of the quality of the finished plate. A general procedure is to 
first_put the gelatin in solution, then add the bichromates (in solution) 
and raise the temperature of the resulting mixture to 150° F. It is then 
advisable to clarify the solution before preparing the plate coatings. The 
latter are prepared on a vertical whirler and dried in an air current. 

The light-sensitized photogelatin plate is then placed in a printing frame 
along with the mask or negative to be reproduced. Upon exposure to arc 
lights the light penetrates the gelatin coating thru the clear and translucent 
portions of the negative. The action of this light causes a hardening of the 
gelatin coating, varying in degree, according to the intensity of the light 
permitted to come thru the negative. 

After the exposure has been completed, the plate is placed under running 
cold water. Here the unreacted, water-soluble bichromate salts are washed 
away from those areas of the plate which did not receive sufficient light to 
cause the bichromate to react with and harden the gelatin. Such unreacted 
areas of gelatin then naturally absorb some of the cold water and swell. 
Areas where light penetrated and caused a chemical reaction between 
gelatin and bichromate become hardened and as a result do not absorb as 
much water as the unaffected areas. This action of different deg-es of 
swelling causes the surface of the plate to become somewhat irregular. 
The highlights of the negative are then represented by those portions of 
the plate with the least swelling or in other words, the depressions. Since 
the raised or swelled portions contain as much as 75% water, they have 
little affinity for the greasy ink, the latter being deposited to a greater 
extent in the depressions which will represent the shadows of the original 
negative. The balance of the image will accept the ink in direct proportion 
to the amount of light absorbed by the plate. 

Before making the actual run, however, the plate must be hardened by 
using a mixture of water, glycerin, and formaldehyde. This toughens the 
gelatin to such a degree that is it possible to print up to 5000 or more 
impressions from one plate. 


(d) Bookbinding 
The use of animal glue in bookbinding may be compared to that just 
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discussed in the printers’ rollers industry in that it no doubt played a major 
role in getting the early bookbinders started centuries earlier than they 
might otherwise have done. 

The use of animal glue in this industry today has become so wide spread 
and complicated that it would be impossible to describe it accurately in 
anything less than a volume of its own. a 

As in the case of printers’ rollers, and nearly every other application 
for that matter, the industrial cry today is for speed and more speed. The 
glue industry is being called upon to develop glues with faster and faster 
setting qualities, especially for use in the assembling of magazines where 
copies are now coming off the machines at a rate as high as 140 per minute. 

In order to meet such demands, special glue compositions must be 
developed, embodying other ingredients such as plasticizers, tackifiers, etc. 
These compositions are usually furnished in cake form. They are melted 
down in the glue pot and usually no extra water is added. Many such 
combinations are used during the assembly operation of the book or 
magazine, each to perform a specific operation. 


(e) Manufacture of Toys 


Large quantities of animal glue are used in the toy industry. It has most 
of the characteristics which are necessary to the toy manufacturer such as 
mechanical properties, ease of preparation and application, and its ability 
to mix readily with such materials as sawdust, wood flour, abrasives, sand, 
clay, plaster, etc. It also has the property of being readily made flexible 
by means of a plasticizer. Its rate of set or gelation can be varied to suit 
needs or various operations. These qualities collectively have made animal 
glue quite a popular adhesive in this industry. 

As a specific example, in the manufacture of dolls, the molded wood 
flour composition parts are bonded together with animal glue. The com- 
pleted body or portions thereof are then dipped in a solution of animal glue 
containing zinc or titanium oxide, a plasticizer and the desired coloring. 


(f) Use of Glue in Matches 


Animal glue is the preferred adhesive for use in the manufacture of matches. 
It has been selected for this purpose due to the following reasons: ease of 
handling, jellying property, compatibility with and bonding together of 
the many ingredients comprising the match head, holding this mixture 
firmly onto the match stick, and last but not least, providing the proper 
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porosity within the match head in order to permit proper burning when 
struck. 

Properly prepared animal glue for use in matches should be approximately 
neutral. However, if the glue being used does vary from neutrality, sufficient 
borax may be added to acid glues and an organic acid such as phosphoric 
may be added to alkaline glues to bring them to neutrality. It is the writer’s 
opinion that glues so treated will not prove to be as satisfactory for use in 
matches as will glues which were produced with a neutral reaction. 

Two special mixtures are used in match production. The fitst mix which 
is applied directly to the stick is known as the “‘base mix’’. A second mixture 
is applied to the tip of the “base mix” on the stick, and is known as the “tip 
mixture’. 

The “‘base mix” should be prepared by using a pure hide glue as the 
adhesive, testing in the middle range or about 225 to 250 grams Bloom test. 
This glue should be neither too foamy nor too foamless. The correct 
density of the mixture as required by most manufacturers is attained 
by mixing the proper proportions of a foamless glue with a foamy glue of 
about the same test. 

The glue used in the “tip mixture”, known as “tip glue”, should be of 
a higher grade than that used in the “base mix”. It should also be as free 
from grease as possible and have high foaming characteristics in order to 
produce a mix that will be much lighter than the base mix. It would then 
contain less protein per unit of volume. Such a glue should have a Bloom 
test in the range of 300 to 400 grams. When subjected to excessive agitation 
it should produce a stable foam comprised of tiny bubbles. 

The purpose of the incorporation of air into the match head is to permit 
slow even burning. If a match pops, sputters, or explodes when struck, it 
is an indication that the composition of the head was too dense. 


(g) Paint Cleaner 


MacDona.p and SrTENGLE (U.S. Pat. 2,117,438) use 25-50% bone glue 
in a proprietary product known as “‘Spic and Span” for cleaning painted 
and varnished woodwork. Other ingredients comprise trisodium phosphate 
and sodium carbonate. The animal glue serves a two-fold purpose, namely, 
to emulsify the soiled film, thereby aiding its removal, and to provide a 
residue sizing which leaves a pleasing gloss on the washed surface. 

H. Hotxianper £ uses bone glue in floor polish. The glue is boiled for 
12 hours, then soap, waxes, and white spirit are added. 
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§ 6. STATUS OF ANIMAL GLUE INDUSTRY AND PROSPECTS FOR THE FUTURE 


Over the past decades the animal glue business has proved a barometer 
for general conditions, since its product is used by practically every industry. 

From the standpoint of the glue manufacturer animal glue entered the 
post-war period in excellent shape. Factory inventories were at the lowest 
possible operating figures. No quick possibility of imports is apparent and 
production is expected to be maintained at current high levels in an effort 
to meet demands. 

Almost all imports of glue by the United States in the past came from 
Europe. Several of the large European producing units have been put out 
of operation through bombings and removal of equipment. The pre-war 
level of European glue production will not be achieved again for some 
time because of lack of equipment and raw materials. This underproduction 
will be accomplished by an unprecedented demand. Millions of pounds 
of glue will be needed in rebuilding Europe’s industries. American glue 
factories may have to supply a considerable portion of the requirements. 
The growth of animal glue production facilities in South America will do 
little to augment the overall glue supply. Raw materials, hitherto exported 
from South America to continental glue plants, will now be consumed by 
Argentina and Brazil glue plants. The increase in Latin American industriali- 
zation will provide a ready market for locally produced glues. Thus the 
demand for animal glue in the countries producing it will absorb the supply. 
In like fashion the United States will have to produce at home all of the 
glue required for domestic use. Thus, dislocation of European continental 
glue production and heavy glue demand by American industry promise 
to open up a period of intense activity for the domestic animal glue industry. 

As animal glues flow into thousands of peacetime commodities, animal 
glue manufacturers plan large-scale programs centering on chemical and 
applied research. This program carries forward the trend of applying the 
scientific method to a natural product, and thus of widely increasing its 
usefulness. 
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5 B. VEGETABLE ADHESIVES 


WiiiiaAM M. LEE . 
Pennsylvania Salt Manufacturing Co., Philadelphia, Pa. (U.S.A.) 


§ 1. INTRODUCTION 


While by strict definition, the term vegetable glues could encompass such 
diverse adhesives as rubber cements and latices, nitrocellulose and ethyl 
cellulose lacquer cements, soya bean glues etc., the adhesive industry 
commonly designates as ‘vegetable glues” those adhesives manufactured 
by relatively simple processes from starch and from the water dispersible 
natural gums. It is appropriate to treat separately those adhesives which 
are applied from non-aqueous solution; and to include soya bean adhesives 
with other protein adhesives of animal origin. 

Until quite recent years, certain starch adhesives had some application 
for the manufacture of cheap plywood, and may still enjoy a small market 
for packing-case plywood. For almost all durable goods these adhesives. 
have been supplanted by synthetic adhesives which present the advantages 
of generally higher tensile strengths, better dimensional stability, moisture 
resistance and resistance to degradation by micro-organisms or enzymes. 

Vegetable glues have, on the other hand, an increasing field of usefulness 
in the manufacture of non-durable goods, principally packing and packaging 
materials. Their relatively low cost, solubility in water and speed of adhesion 
recommend them highly for such purposes. Most of the high speed packaging 
machines and bag and carton making machines are designed for, and depend 
on the use of, vegetable glues. 

Vegetable glues may be classified thus (arbitrarily excluding vegetables. 
proteins): 

I Starch based adhesives 


A. Dextrines D. Oxidized starches 
(1) White dextrines E. Gelled starches 
(2) Canary dextrines (1) Alkali gels 
(3) British gums (2) Salt gels 


B. Acid hydrolyzed starches F, Water soluble starch derivatives. 
C. Enzyme degraded starches 
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II Water soluble cellulose derivatives 
III Natural gums. 

Much of the foregoing nomenclature is arbitrary, and the classification 
is incomplete and too rigid. It will however serve as a framework for 
discussion. 


§ 2. STARCHES 


Starch is a polysaccharide of high molecular weight. The molecular weights 
of undegraded native starches are perhaps less accurately estimated than 
the molecular weights of native celluloses. Numerous estimates indicate 
that the average D.P. of starch is of the order of 1000. The greater com- 
plexity and greater fragility of the starch molecule make such measurements 
more difficult. 

It is generally considered that starch has two constituents, designated 
respectively as amylose and amylopectin. Amylose is visualized as a straight 
chain, or almost straight chain structure of glycopyranose rings bonded 
in the 1 and 4 positions. Amylopectin, on the other hand, is visualized 
as a highly branched structure, bonded in the 1,4 positions mainly but 
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Fig. 75. Schematic structure of amylopectin molecule. 


with branches originating (Fig. 75), more or less randomly, from the 6 
positions 1, 2, 3. Amylose fractions show a D.P. of 200 to 600; amylopectin 
of 1500 to 1800. 

Starches are frequently described as containing stated proportions of 
amylose and amylopectin. Such values however are only meaningful if 
the method of differentiation is reported. Numerous determinations have 
been based on a series of extractions of whole starch granules with water, 
each successive extraction being at a slightly increased temperature, until 
the temperature of gelation of the starch is almost reached. The combined 
water extracts are considered to contain the amylose fraction; the 
extracted granules, the amylopectin. These fractions have markedly dif- 
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ferent characteristics 4. Fractional precipitation with butanol or a similar 
solvent also effects the separation of amylose and amylopectin °. 

Amylose displays marked crystallinity. Its water dispersions pass rather 
quickly from a viscous to a plastic state or to a gel. These phenomena, 
ascribable in the first case to the formation of crystalline aggregates of 
quite linear molecules, and in the second to the more random action of 
intermolecular forces, are collectively referred to in the adhesive industry 
as “pasting back”, “‘setting back” or “‘reverting”’. 

Amylopectin, on the other hand, when dispersed in water by means of 
heat or chemical agents, will retain its predominantly viscous characteristics 
for long periods. 

Thus, when it is said that a corn starch based adhesive tends to set-back, 
it may be understood to reflect the relatively high content of amylose-like 
molecules in the starch. 

Amylose and amylopectin should not be regarded as absolute terms. Not 
only do the relative proportions vary by definition according to the method 
of estimation used, but, keeping the method constant, considerable variation 
is found between samples of starches from a given plant species and even 
between immature and mature granules from a single planting. Since it is 
apparent that scission of short straight chains from the amylopectin molecule 
can occur during acid hydrolysis §, it is not improbable that some part of 
the amylose fraction may have resided in the amylopectin of the native 
starch. ; 

Bearing in mind the indistinctness of the terms, it can be said that grain 
starches are generally high in amylose; root, stem and tuber starches are 
high in amylopectin. Even this statement is open to disagreement. Rice 
starch and the recently much discussed waxy maize starch provide adhesives 
with relatively little tendency to set-back. 

The starches most commonly used in adhesive manufacture are tapioca, 
sago, corn, white potato and more recently, waxy maize and sweet potato. 
The adhesive manufacturer prefers a mature starch, undegraded by auto- 
genous enzymes, low in ash and protein. For enzyme conversions of starch 
to adhesives, a low phosphorus content may be desirable. For the manu- 
facture of most adhesives, particularly dextrines and alkali conversions, 
uniformity is important and the manufacturer prefers to buy in lots as 
large as practicable, so that conversion procedures can be standardized 
over a reasonable period. Industrial starches are more commonly controlled 
according to the seller’s specifications than according to the purchaser’s. 
Some adhesive producers have established limited purchase specifications, 
based on ash, protein nitrogen, viscosity of alkali dispersions or the like. 
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Tapioca starch has been favored in the United States for the manufacture 
of envelope and postage stamp gums, remoistening gums for tapes and 
labels and for many other high grade dextrine applications. White potato 
starch achieved popularity in Germany for these same uses, but dextrines 
made from it have had the drawback, for remoistening gums, of a pronoun- 
ced bitter taste. Sago starch has largely been used for the making of so called 
alkali conversions. Sweet potato starch which was initially developed in 
the United States with government subsidization, has gained some accep- 
tance in spite of economic difficulties inherent in a short producing season 
and technical difficulties due to its dark color. Corn starch is very widely 
used in the United States as a raw material for all types of adhesives. Being 
produced by responsible and technically competent companies, a variety 
of closely standardized corn starches has been available at attractive prices, 
and a large formulary of adhesives has been built on these. Waxy maize is 
a newcomer to the adhesives field within the last decade. Its excellent 
adhesive characteristics have justified steadily increasing acreages. Rice 
starch and wheat starch are rarely used for adhesives. 


§ 3. DEXTRINES 


The term “dextrines’’ as used in the adhesive industry covers only the 
products obtained by roasting starch with or without chemical reagents. 
It excludes starches or starch fractions degraded by other means. 

Dextrines are commonly classified as “white dextrines”, “‘canary dex- 
trines” or “British gums”. A white dextrine is one which has been roasted 
in the presence or absence of acid or acid forming substance to a point 
short of complete solubility in cold water. Canary dextrines are those 
which have been roasted with an acid to complete cold water solubility, 
and then for an additional period during which the dextrine gradually 
darkens until its solution in water ranges from a light to a dark amber. 
British gums are roasted to complete solubility without acid, and generally 
for an additional period as well. The roasting periods are usually longer 
and the colors very much darker. 

The acids used as adjuncts to dextrinizing are usually hydrochloric or 
nitric. Non-volatile acids such as sulfuric and phosphoric have been found 
unsatisfactory. Acetic acid has been used as a diluent for hydrochloric 
acid. Ammonium bifluoride is occasionally used. 

While some oxidation may take place when nitric acid is employed, the 
function of the acid generally is simply hydrolytic, and the degradation 
of the starch is not an inherent part of the dextrinization process. Actually 
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the acid (which is diluted, sprayed into the starch and well dispersed by 
mixing, prior to the roasting operation) is largely lost, together with the 
moisture of the starch (11% or more, initially) in the first fifteen minutes 
or so of heating, while the heating may be continued for a number of hours. 

An “acid converted dextrine” may be considered to be an acid degraded 
starch, subsequently dextrinized. The quantity of acid used controls the 
viscosity of the product. Time and temperature of roasting control other 
characteristics, to be discussed. 

The molecular weights of dextrines are much lower than of the starches. 
The average molecular weight of British gum has been stated to approximate 
15,000 with only a small fraction of lower molecular weight material. 
Canary dextrines show wider molecular weight distribution with fractions 
ranging down to the simple sugars. White dextrines, which may vary in 
cold water solubility from almost 0% to almost 100%, may vary corres- 
pondingly in their molecular weight characteristics. 

While the starches have claimed the attention of numerous competent 
investigators, very little precise work has been done on the dextrines of 
commerce. Their constitution is indeed in considerable doubt. 

Dextrines from corn starches show the characteristics designated as 
amylose-like; those from tapioca starches are amylopectin like. That is, 
corn dextrines unless particularly modified will in water solution become 
plastic or “pasty” more or less rapidly, while tapioca dextrine solutions 
retain their viscous characteristics. It is not unreasonable then to assume, 
until experimental evidence clarifies the situation, that dextrines derived 
from highly branched amylopectin retain that general configuration, even 
when acid hydrolysis has accompanied the dextrinization. 

It has been proposed that dehydration of glucopyranose units may occur 
during dextrinization, with the formation of inner ethers, 7.e. by etheri- 
fication of the hydroxyl group on C atom 1 with that on C atom 6. Cross 
linking between chains is also hypothecated ?; 8, 


§ 4. DEXTRINE ADHESIVES 


Adhesives prepared from heat converted dextrines, with or without 
concomitant acid degradation, are by far the most important of the starch 
based adhesives for industrial use. They may be used in water solution 
without further alteration or may be further converted by other processes 
or modified by the addition of other substances. The variety of modifications 
and adaptations can be better exemplified than presented in detail. 

The partly soluble white dextrines are almost always subjected to 
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additional treatment before use. By heating suspensions of such dextrines to 
a temperature above about 70° C, they are completely “dissolved”. Granules 
only slightly different from the original starch are bursted. The solutions 
thus formed display elastic, plastic and viscous characteristics, dependent 
on the characteristics of the dextrine and of the original starch. 

Alkali modification of these solutions produces a type of adhesive widely 
used for applications where a fast setting, low cost adhesive which will not 
permeate porous papers is needed. The manufacture of paste-boards is 
such a use. 

Strong alkali—usually sodium hydroxide—suppresses the elastic properties 
and provides a viscous liquid glue which (again dependent upon the extent 
of conversion of the dextrine) may be mechanically spread in thin films 


/ 


at total solids concentrations ranging from about 25°% up to 65% or 
70%. 

Various salts are used in combination with dextrines. Sodium tetra- 
borate, trisodium phosphate and the acid phosphates, sodium carbonate, 
sodium silicate, sodium nitrate and others are used to effect desired changes 
in viscosity, pH, drying rate or adhesion to various surfaces. Calcium 
chloride and calcium nitrate are occasionally used to retard drying or 
provide hygroscopic films. 

Dextrine adhesives are frequently plasticized with glucose or sucrose, 
glycerin, diethylene glycol or sorbitol. They may be reduced in viscosity 
by additions of urea, formamide or acetamide. Simple substituted amides 
such as dimethyl formamide have a pronounced solvating and thinning 
action on dextrine solutions. 

Plasticizing of dextrine adhesives has been accomplished with such salts 
of organic acids as sodium lactate and sodium tartrate. Organic acids are 
frequently added to dextrine adhesives particularly for improving adhesion 
to envelope “bond” and similar hard papers. Citric, lactic, tartaric and 
hydroxyacetic acids have been used or proposed for use for this purpose. 
Occasionally inorganic acids in small quantity are added. Non-volatile 
amines such as triethanolamine have been proposed for use in dextrine 
adhesives, as have the strong quaternary ammonium bases. It is probable 
that cost considerations have limited the use of these to the present time. 

Water miscible organic solvents may be used to alter the wetting or 
penetration characteristics of dextrine adhesives or even to hasten the 
drying rate. The simple alcohols, cellosolve and methyl cellosolve, dioxan 
and diacetone alcohol have been used not infrequently for particular 


purposes. 
Sodium tetraborate, “borax”, is one of the most widely used modifiers 
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for dextrine adhesives. It and some other salts (such as sodium stannate) 
affect solutions of British gums and white dextrines in such a way as to 
apparently increase their speed of adhesion. 

A solution of British gum in water at, say, 25% solids will, when spread 
in a thin film, increase slowly in viscosity as water is lost by evaporation. 
It may retain its fluid characteristics until it has reached, for example, a 
solids concentration of 60% at which concentration it ceases to flow and 
assumes the characteristics of a gel. When this transition occurs it can be 
said that adhesion in a practical sense has taken place. Further loss of 
water by the film results in the development of tensions. If the film has 
been spread on glass or metal, it may break cleanly away or may develop 
cracks or fissures. If it is spread on a paper or other flexible surface the 
film will.curl inward as it dries and shrinks. The addition of borax to such 
a British gum solution has the effect of causing the transition from a viscous 
state to a gel state to occur at a lower solids concentration. Initially 
formulated with 25% solids the adhesive may with the addition of 1% 
or 2% of borax lose its fluid characteristics at 45° solids rather than 60%. 

Much of the modern high speed machinery used for the fabrication of 
cartons, bags and wrappers depends for the successful forming of the 
article on the use of an adhesive having a fast “‘set”. For speed of operation 
in many applications it is therefore desirable to advance the transition 
point. Similarly in bonding of very porous papers, textiles or other perme- 
able surfaces, advancing the transition point limits the penetration of 
adhesive. In addition it is frequently possible to use less concentrated 
adhesives and achieve better economy by this means. 

As it has been noted however, after the fluid characteristics of the 
adhesive have been lost the film shrinks on, further drying. When relatively 
tigid elements are to be bonded such shrinkage may do no harm and may 
even have the effect of increasing the strength of the adhesion. On the 
other hand when light weight papers are bonded excessive shrinkage of 
the drying adhesive film will probably result in warping or curling. The 
use of such agents as borax must then be practiced with some care. 

White dextrines and canary dextrines roasted with relatively small 
amounts of acid, so that hydrolytic degradation has not been extensive, 
behave with borax similarly to the British gum exemplified above. A highly 
degraded canary dextrine displays the effect to a much smaller degree. 

_ Dextrines used for the manufacture of envelopes, display cards, and 
similar articles where warping or curling would be highly detrimental 
are commonly formulated in water solutions at a quite high solids concen- 
tration. They are commonly canary dextrines prepared from tapioca starch 
References p. 200 


4 DEXTRINE ADHESIVES 191 


Or waxy maize starch and so processed as to have as narrow a molecular 
weight distribution as possible. Dextrinization must be continued long 
enough to assure against the presence of any cold water insoluble starchy 
fraction which will cause the film to shrink and warp during the later 
stages of drying. On the other hand acid hydrolysis must not have been 
allowed to proceed so far as to produce simple sugars and other low 
molecular weight fractions which retard the ultimate drying of the film 
and are sufficiently hygroscopic to become tacky at high humidities, thus 
perhaps causing bundles of envelopes to seal shut. 

A true plasticizer for dextrines has been sought by the adhesive industry, 
which would welcome the advent of a substance which by simple addition 
to dextrine adhesives would render their films flexible, non-cracking and 
less susceptible to dimensional changes with changes in humidity. In 
general humectants accomplish these purposes simply by causing the film 
to reach equilibrium with the ambient humidity at a higher moisture level. 
This however has the undesirable effect of promoting blocking as noted 
above and demonstrates that water is a good plasticizer for dextrines. 
Water is similarly a good plasticizer for cellulose and since no other 
effective plasticizer for cellulose has been proposed to date it seems unlikely 
that an additive will be discovered to meet all of the requirements of the 
adhesive industry. 

As with cellulose however, substitution of replaceable hydrogen at 
intervals along the dextrine chain may serve the desired purpose. The mild 
acetylation of dextrine will provide films of greater dimensional stability 
together with other desirable characteristics. 

The canary dextrines and the British gums which are said to be roasted 
to complete solubility form water solutions which are essentially viscous 
in character especially if solution has been accompanied by heating to 
85°C or higher, which has the effect of completing the gelation and disper- 
sion of the higher molecular weight fraction. All such solutions will have 
some plastic characteristics however, i.e., measurable yield points. Plastic 
characteristics may be reduced in a number of ways. The inclusion of a 
small amount of sodium hydroxide or other alkaline material while “cooking 
up” the dextrine solution causes more complete gelation of the starchy 
fraction than can be accomplished by heat alone. The alkali may be neutra- 
lized subsequently without causing a regain in plasticity. Various additives 
to the finished adhesive solution will also reduce plasticity. Sodium chloride 
and sodium nitrate are moderately effective. Urea has a pronounced effect. 
Formaldehyde in relatively small amounts is useful. Dioxane is unexpectedly 
useful for this purpose. 
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The white dextrines provide solutions of higher plasticity. Those which 
are only partially soluble in cold water, that is, which are relativelv starch- 
like, are often used for the preparation of “pasty” adhesives where plastic 
properties are desired for particular machining requirements. Such low 
soluble white dextrines are in fact converted into viscous liquid adhesives 
only by additional conversion procedures or by formulating with consider- 
able quantities of borax or other alkaline material. Plastic properties of 
pastes are controlled by the blending of high and low soluble white dextrines 
and by formulating. Colloidal clays, sulfonated tallow, urea and a variety 
of inorganic salts are frequently used. In certain machine operations the 
viscous liquid dextrine adhesives show the property of stringing or cotton- 
ing. The effect is particularly likely to be encountered when the adhesive 
has been so formulated as to give a steep viscosity slope, i.e., a rapid 
increase in viscosity with increase of solids. The effect is frequently com- 
bated by adding to the dextrine a minute amount of undegraded starch or 
high molecular weight dextrine fraction or by adding a material which in 
the dextrine solution is only slightly compatible. Gum tragacanth and 
other natural gums have been used. Carboxymethyl cellulose, polyacrylic 
acid and polymethacrylic acid show similar effects. The action of these 
substances is not well understood. It has been argued that conferring slightly 
elastic properties on the solution results in the breaking of thread-like 
filaments before they have lost moisture by evaporation. It has also been 
suggested that minute gel like particles of incompatible material cause 
discontinuity in the filament structure which causes breaking as soon as 
the filament has been drawn to a diameter approximating that of the 
dispersed particle. 

The inclusion in the adhesive of a water miscible solvent which is not 
a solvent for dextrine and which has a vapor pressure less than that of water 
also tends to minimize or eliminate stringing perhaps by causing precipitation 
of dextrine particles in the drying filament. 


§ 5. ALKALI CONVERSIONS 


The temperature of gelation of starch and water is very much reduced 
by sodium hydroxide or other alkalis. Gelation is also more complete in 
the presence of alkali and the resulting starch dispersion is less gelatinous 
and more viscous than if accomplished by heat alone. 

One of the methods used for the direct conversion of starch into useful 
adhesives comprises treatment of the starch Suspension with sodium 
hydroxide. Sufficient quantities of alkali are used usually that the conversion 
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in its initial stages can be accomplished at room temperature or even below. 

Such adhesives are usually manufactured in tanks equipped with heavy 
duty agitators which provide a rather complex agitation pattern such "as 
the planitary type. As sodium hydroxide is added to the starch suspension 
a highly gelatinous mass is at first produced. As efficient agitation is 
continued this breaks down to a more viscous consistency. The gel or 
elastic characteristics are not wholly lost however and at end of the operation 
the adhesive may have a consistency characterized as “ropy”’. 

Such adhesives are frequently used without further modification where 
an adhesive of moderate water resistance is required. Dried films of such 
adhesives are, as would be expected, hydrophilic but they can absorb very 
large amounts of water without losing homogeneity; that is they become 
gummy but do not readily disperse. 

Various modifications of these adhesives are employed. Tapioca and sago 
starches are most commonly used; potato starch occasionally. In their 
simplest form they can be thought of as starch molecules to which sodium 
ions are strongly bound. Partial neutralization of these -compositions 
quickly alters their ropy consistency to a plastic one and a variety of soft 
pastes can be made in this way. 

The products are frequently treated with oxidizing agents during the 
agitation period, sodium peroxide or hydrogen peroxide being generally 
used. Alkali starch like alkali cellulose is not subject to hydrolytic degra- 
dation unless some oxidation intervenes. Wherever oxidation of the starch 
chain has taken place however there is possibility of alkaline hydrolysis 
with the result that in such treatments the viscosity of the solution is slowly 
reduced to provide viscous liquid adhesives. The dried films from these 
are considerably less resistant to water. Nitric acid is also sometimes used 
for these oxidations, partial neutralization being accomplished during the 
oxidation period. 

The viscosity of these adhesives is greatly augmented by addition of 
borax or more particularly sodium stannate. The addition of more than 
about 0.01°% of sodium stannate will actually coagulate the mass. 

In the United States adhesives of this general type have been extensively 
used for low cost veneer glue and for bottle labeling where it was desired 
that the label be moderately resistant to removal by cold water. 


§ 6. SALT CONVERSIONS 


An adhesive of soft pasty consistency, slow drying and moderately hygros- 
copic, is made by the so-called salt conversion. Like the alkalies a number 
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of inorganic salts have the property of reducing the gelation temperature 
of starches (a few salts have the reverse effect). Zinc chloride, magnesium 
chloride, calcium chloride and calcium nitrate are frequently used for this 
purpose. 

Tapioca starch is frequently used for salt conversions. White dextrines 
are sometimes used in place of or as an adjunct to starch in order to increase 
total solids without passing through a period of excessively high plasticity 
which would overload agitators. The starch or dextrine slurried into water 
is treated with as much as 15% of the converting salt and heated quite 
slowly to avoid too rapid gelation. 

Adhesives of this class are variously modified to confer special properties; 
by the addition of urea, other hygroscopic materials such as glycerine or 
sorbitol, by the addition of fillers, acids or alkalis. 

The mounting of display samples on pasteboard and similar uses where 
warping of the adhered elements would be detrimental, provides the 
principal market for these adhesives. The adhesives are soft “buttery” 
pastes, are moderately thixotropic and are exceedingly slow ‘drying. 


§ 7. ENZYME CONVERSIONS 


The method of degrading starch by malt enzymes has been employed by 
the adhesive industry for many years. Until recent years the malt enzyme 
Preparations available in commerce comprised a mixture of alpha and 
beta amylase and were not always sufficiently well standardized to give 
uniform performance. Alpha amylase prepared from bacillus mesentericum 
is a well standardized commodity and is now in general use. 

The difference in behavior of alpha and beta amylase are extensively 
discussed in the literature °. In brief summary it may be said that alpha 
amylase attacks the starch molecule as.a whole. Presumably it is able to 
attack the polysaccharide chains anywhere along their length to produce 
molecular fragments of irregular size which may then be further ruptured 
to produce ultimately glucose, maltose and simple low molecular weight 
dextrines. Alpha amylase attacks both amylose and amylopectin readily 
and no clear cut terminal point of the reaction is discernible. Alpha amylase 
is readily destroyed by acidifying the substrate to a pH of about 3.0. 

Beta amylase apparently does not attack the starch chains laterally but 
erodes the chain terminals splitting off successive molecules of maltose. 
The action of beta amylase on amylose is continuous, the reaction 
proceeding slowly but uniformly until the chain is completely hydro- 
lyzed. Beta amylase has relatively little action of amylopectin. The 
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situation suggests that the reaction is stopped at chain junctions so 
that the highly branched amylopectin can be “pruned” down only 
as far as the outermost branchings 
(Fig. 76.) Beta amylase is readily 
destroyed by heating to 70° or 
1G 
Until quite recently the industry 
did not consider it practicable to 
carry out enzyme conversions at 
high initial starch concentrations. 
The conversions are carried out at 
temperature high enough to initiate 
the gelation of the starch and, at 
the same time, they must proceed 
for a considerable period before 
extensive liquefaction takes place. 
In consequence high starch con- 
centrations present a problem in 
heavy duty agitation. 
Fig. 76. Amylopectin: limit of degradation Various means have beentakento 
by a any ste: overcome this. Mixtures of starch 
and white dextrine may be used as the starting point of the conversion. A 
starch oxidized by initial treatment with chlorine or with a perioxide may 
be used. The addition of moderate quantities of urea at the beginning of the 
operation will reduce the rate of increase of viscosity with temperature and 
will not adversely affect the action of the enzyme. When unmodified tapioca 
or corn starch is used the initial starch concentration cannot exceed about 
15%. The enzyme degraded product therefore must be concentrated by 
one means or another. Some producers have concentrated the product by 
evaporation. One manufacturer formerly used the expedient of converting 
initially at 15°% solids then repeating the conversion with successive small 
additions of starch. This of course had the undesirable effect of widening 
the molecular weight range of a product which at best is a highly heteroge- 
neous composition ranging from starch-like fragments to simple sugars. 
One manufacturer is said to have used the procedure of inoculating a 
finished enzyme conversion with yeast to remove the sugars by fermentation. 
The conversion of starch by beta amylase is accomplished by raising 
the temperature of the starch suspension to 55° C and then increasing the 
temperature very slowly through the range at which the enzyme is most 
active to 68° C. The process is controlled by removing samples at frequent 
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intervals for determination of viscosity; retarding or accelerating the rate 
of heating and possibly adding additional enzyme until the desired viscosity 
is reached, when the batch is quickly heated to 75° or higher to destroy 
the residual enzyme. 

The physical characteristics of enzyme conversion products are peculiar. 
If cooled and stored without further agitation they will commonly set up 
to rather stiff paste. These pastes display a characteristic which is commonly 
but erronously called thixotropic. On vigorous agitation they break down 
to a viscous liquid state which shows relatively little plastic behavior. On 
standing they again revert to a pasty consistency. Each time that such 
agitation is performed the reversion to a pasty state is slower. Ultimately 
the products will remain fluid almost indefinitely. By the same token if 
an enzyme converted product is stirred continuously during the cooling 
period, its reversion to a pasty consistency is much retarded. 

Since for many mechanical applications such a change in physical state 
during use is undesirable, enzyme conversions are sometimes modified by 
addition of, for instance, a white corn dextrine which will confer irreversible 
pastiness on the product. 


§ 8. sTARCH AND CELLULOSE DERIVATIVES 


Two water soluble cellulose derivatives are currently available; methyl 
cellulose and the sodium salt of carboxymethy] cellulose. These are finding 
various applications in the adhesive field. Beta hydroxyethyl cellulose is 
soluble in aqueous solutions of mild alkalies and may have found some 
applications. Highly degraded cellulose acetate is water dispersible but 
has not to date been available for development by the adhesive industry. 

Corresponding starch derivatives, while presenting no serious difficulties 
of manufacture, are not available in large quantity. 

In addition to the branched chain structure of amylopectin which 
imposes a considerable randomness on the starch molecule, amylose chains 
are considerably more kinked than cellulose chains, consisting as they do 
of glucopyranose units united through carbon atoms 1 and 4 in an alpha- 
alpha-alpha-alpha configuration rather than the alpha-beta-alpha-beta 
configuration of cellulose. Thus starch cannot form the compact unit cell 
characteristic of cellulose and is more readily hydrated and dispersed in 
water. It follows that the starch derivatives are more readily dispersible 
in water than corresponding cellulose derivatives of the same polymeric 
degree. 

Since amylopectin after being freed from the starch granule is relatively 
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cold water soluble and amylose, even after it has been allowed to form 
crystallites, is hot water dispersible, itis evident that substitution to a very 
minor extent, say by methylation or carboxymethylation, will provide very 
readily water dispersible derivatives. The acetylation of 1.0 or 1.25 hydroxyl 
groups per glucose residue yields products. which are rapidly soluble in 
cold water and form optically clear solutions. 

If, in the course of the reaction considerable degradation of the starch 
has been permitted to occur, the solutions are of the expected low viscosity 
and can be successfully used as high solids concentration solutions in 
mechanical equipment and for uses which would ordinarily employ dex- 
trines. The dried films from such products are in general less hygroscopic 
than dextrine films and may be used as envelope seal gums, for remoistening 
tapes and for similar purposes under conditions of humidity which would 
prohibit the use of dextrines. Probably for reasons of steric hindrance these 
products show little tendency to’pass through a gel stage during drying. 
Where dextrines may shrink and cause curl or warp during the latter stages 
of drying these water soluble derivative films develop little tension. 

These films are also considerably more flexible than dextrines. They have 
good remoistening characteristics except that over-wetting may dissolve 
and displace the film. They have been proposed for use as envelope and 
postage stamp gums in admixture with ordinary dextrines to provide a 
flatter more flexible film but one less sensitive to removal by solution. 

If substitution of the starch is accomplished without extensive hydrolytic 
degradation the resulting high viscosity products have fewer adhesive 
applications. As one of a very few possible examples, the leaf wrapping 
of cigars employs a low solid content high viscosity adhesive of the type 
which these would provide. Gum tragacanth has been employed for this 
use in the past and is now being supplanted by water soluble cellulose 
derivatives such as sodium salt of carboxymethyl cellulose. 


§ 9. NATURAL GUMS 


Trade terminology employs “gum” to cover a variety of water soluble 
high polymers, gum arabic, gum tragacanth and the like, and also a large 
number of natural resins, gum elemi, manila gum, gum zanzibar, gum 
chicle, etc. Although this latter class of substances derives from vegetable 
sources it is appropriate to consider them elsewhere since in their adhesive 
applications they are used in non-aqueous solution, frequently in combina- 
tion with nitrocellulose or other cellulose derivative, and since in any case 
they are as adhesives principally of historical interest, being displaced by 
synthetic resin formulations. 
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Gum arabic is perhaps the most widely used of the water soluble natural 
gums. As a polyglycuronic acid its properties are subject to variation by 
the nature of the combining cations. Potassium, magnesium and calcium 
are present in varying proportions in the natural gum. Variations in viscosity 
of solutions dependent on differences in polymeric degree provide another 
source of variation. 

Since the industrial applications for gum arabic adhesives are quite 
limited, not much work has been done to control its physical characteristics 
precisely. It is generally used in water solution containing also some glycerin, 
sorbitol or other humectant to retard drying and to soften the dried film. 
Such a solution wets and adheres to some surfaces more effectively than the 
dextrine adhesives. Adhesives for smooth hard surfaced glassine papers are 
frequently based on gum arabic. Adhesives for bonding aluminum foil to 
paper have in the past comprised gum arabic solutions modified with a 
small amount of tartaric or a similar acid. Such adhesives must be used 
with caution since they may corrode aluminum foil to a damaging extent. 
Gum arabic solutions are occasionally used as remoistening gums especially 
for very light weight papers, since the drying film shows little tendency 
to curl. 

Gum tragacanth and several other water soluble gums whose aqueous 
solutions display relatively high viscosities have a few adhesive applications 
which are now being taken over by the water soluble cellulose derivates. 
The wrapping of cigars and the temporary bonding of hides to stretching 
boards have employed gum tragacanth. Almost equally important perhaps 
has been the use of this gum to modify the properties of adhesive emulsions 
which are almost invariably of the oil in water type. Increasing the viscosity 
ofthe external phase, of course, affects the gross properties of the emulsion 
to an important degree and usually tends to stabilize the emulsion. In very 
low concentrations however, from 0.001 to about 0.01°% gum tragacanth 
and other viscosity increasing agents will promote creaming of rubber 
latex and other fine particle emulsions and dispersions by inhibiting 
Brownian motion. 


§ 10. AcID HYDROLYZED STARCHES 


An important class of industrial adhesives are prepared by the controlled 
hydrolysis of starch with strong mineral acids. The preparation of such 
adhesives frequently comprises the suspension of starch in water with 
addition of the acid at a temperature below the gel point and employing 
a controlled rate of heating, so that reduction in viscosity resulting from 
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degradation counteracts increase of viscosity due to gelation. The procedure 
is controlled by means of periodic sampling and viscosity determination. 
The acid is neutralized with a predetermined quantity of caustic when the 
desired viscosity has been reached. Skillful manipulation is required since 
the rate of change of viscosity is rapid and since the physical characteristics 
of the finished adhesive will vary considerably with small differences in 
viscosity at the time of neutralization. 

These adhesives if simply neutralized are generally strongly plastic, i.e. 
ranging from stiff to soft pastes dependent upon the extent ef hydrolysis. 
The addition of further quantities of sodium hydroxide or other alkalies 
converts them into viscous liquid adhesives similar in their applications to 
the alkaline dextrine adhesives. 

These so-called acid conversions are also frequently further modified by 
oxidation with peroxides or by the addition of inorganic salts, urea, sugars, 
etc. Variations are also produced by modifying the original starch with 
some preformed dextrine, usually a white corn dextrine. 


§ 11. srARCH OXIDATIONS 


Adhesives of some industrial importance may be produced by the oxidation 
of starch with hydrogen peroxide or with hypochlorites. 

Starches are frequently modified by hypochlorite treatment without 
rupture of the starch granule, simply by suspending the starch in water and 
treating with hypochlorites or chlorine under controlled conditions of 
pH and temperature. The resulting products, often misleadingly called 
chlorinated starches, have generally a considerably lower viscosity than 
the original starch, and water solutions show less tendency to revert to 
plastic or gel structures. Such oxidized starches may be directly suitable 
for laundry use. They are not employed directly as adhesives but as raw 
materials for further conversion. 

Soft pasty products are obtained by treating a starch suspension at a 
temperature a little below that required for gelation with sodium hydroxide 
and hydrogen peroxide at a pH of about 10.0 to 10.5. Oxidation takes place 
at a satisfactory rate. The temperature is increased gradually until gelation 
occurs. Oxidation may be allowed to continue after gelation or may be 
terminated by destroying the residual hydrogen peroxide with sodium 
sulfite or other reagent. The products are sometimes used in the alkaline 
pH range, sometimes brought to essential neutrality after the oxidation 


is completed. 
Relatively mild oxidations of this type produce viscous liquid adhesives 
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with only slight plastic properties. The starch molecule is perhaps not 
greatly degraded by the treatment since dried films are tough, flexible and 
quite resistant to solution in water. It is a curious phenomenon that prolon- 
ging the period of oxidation produces a highly plastic rather than a viscous 
product. Over-oxidized products may set up so firmly that they can only 
be removed from a container by cutting. 

Other oxidizing agents are sometimes used. Barium peroxide is reported 
to produce similar results but to provide an adhesive even more resistant 
to re-solution by water than does the hydrogen peroxide oxidation. It has 
been said that these products are the barium salts of oxy-starch. 

Sodium peroxide is not infrequently used sometimes to effect bleaching 
rather than actual conversion. Sodium perborate is similarly used, principally 
for bleaching. 
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5C. SYNTHETIC RESIN ADHESIVES 


F. CHAPMAN 
Aero Research Limited, Duxford (England) 


§ 1. INTRODUCTION. CLASSIFICATION 


Synthetic resin adhesives can be broadly divided into two classes; thermo- 
setting adhesives and thermoplastic adhesives. 

Thermosetting adhesives are those which, by the application of heat or 
through the addition of catalysts or by both means, are converted into 
a substantially infusible and insoluble state. During this conversion, high 
molecular weight cross-linked compounds are formed. The process is 
irreversible and the infusible insoluble solid cannot be reconverted to its 
initial fusible state. Thermosetting resins may be formed by polyconden- 
sation reactions, by the polymerisation of molecules containing two or more 
groups each capable of addition polymerisation, by the polymerisation 
of polyfunctional molecules or by combinations of these mechanisms. 

Thermoplastic adhesives are permanently fusible and soluble. Bifunctional 
molecules will form linear polymers of this kind, generally by addition 
polymerisation when the monomer joins to itself to form, initially, a dimer. 
The dimer then joins with a further molecule of the monomer to form a 
trimer and addition continues until many molecules are joined together and 
a polymer is formed. When heated, thermoplastic resins will soften, but 
harden again on cooling. This process is completely reversible, provided 
that at any time the polymer is not heated above its decomposition point. 
Thermoplastic resin adhesives are frequently supplied as solutions of the 
polymer in an organic solvent. These solutions are easily handled and the 
solvent serves as a vehicle for uniformly distributing the polymer. 


§ 2. ECONOMIC SIGNIFICANCE OF SYNTHETIC RESIN ADHESIVES 


Table 16 shows the production and sales in U.S.A. during 1947 of all types 
of plastic materials and the percentage occupied by adhesives. This table 
is taken from Modern Plastics, January 1949, p. 78-the source of information 
being the U.S. Tariff Commission. 
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TABLE 16 


PRODUCTION AND SALES OF SYNTHETIC RESINS GROUPED ACCORDING TO USE, 1947 
(Quantities and values are based on net resin content only) 
Source: U.S. Tariff Commission 









































Production | Sales 
| Quantity Quantity Value Tinie 
| \0/ lue 
% of % of of oft. 
1000 Ib. 7° Gai | 1000 tb. 17,2) | $ 1000 / 72,21 |$ per Ib 
Plastics materials, benzenoid 
and non-benzenoid 
For protective coatings 453,006! 36.2 378,709 33.5 | 124,423 28.8} 0.33 
For moulding and casting 312,737; 25.0| 295,335) 26.0) 105,633) 24.5} 0.36 
For laminating 45,865) 3.7 44,766} 3.9] 14,327; 3.3} 0.32 
For adhesives 98,346 7.9! 93,589! 8.2| 24,848: 5.8| 0.27 
For treatment of textiles, 
paper and leather 54,251) 4.3 45,660, 4.0, 17,908 4.2) 0.39 
For Ion Exchange | 7,874, 0.6 6,730) 0.6} 1,705} 0.4! 0.25 
For miscellaneous uses 279,620} 22.3) 269,950) 23.8) 142,470; 33.0| 0.53 
Total -1,251,699)100.0 | 1,134,739) 100.0 | 431,314 100.0| 0.38 

















Exactly comparable figures for Great Britain are not available but Table 17 
gives production in tons of various synthetic resins during 1947. The 
figures are supplied by H. M. Board of Trade and are taken from the 
Annual Abstract of Statistics, 1937-1947, Table 157. 

If it is assumed that in Great Britain the production of adhesives is 
approximately the same percentage of total production as in U.S.A., then 
it is clear that the development of synthetic resin adhesives in both countries 
has proceeded at a rapid pace since their introduction in the early and middle 
1930s. 

The extent to which synthetic resin adhesives have replaced other types 
of adhesive varies a great deal from country to country. In countries which 
are predominantly agricultural, supplies of, for example, casein and blood 


TABLE 17 


PRODUCTION OF SYNTHETIC RESINS IN GREAT BRITAIN DURING 1947 

















Type Tons 
Phenolic 10,970 
Cresylic 11,727 
Urea ; 15,487 
Other synthetic resins 2,843 
Total synthetic resins 41,027 
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albumen are readily available and cheap. Facilities for manufacturing 
synthetic resins are in such cases generally very limited and consequently 
the degree of replacement of animal and vegetable glues by synthetics is 
small. In highly industrialised countries where the conditions are reversed, 
the degree of replacement is relatively large and gradually approaching 
completion. 

Overall however, there is a growing appreciation of the technological 
superiority and the versatility of synthetic resin adhesives. The resistance 
of these adhesives to water and their freedom from attack by bacteria and 
moulds, has enabled for example some types of resin bonded plywood to 
be used on an increasingly extensive scale both for outside contructional 
work and under tropical conditions. The realisation, too, of the value of 
wood as a raw material and of the necessity to bond wood with an adhesive 
as durable as the wood itself, has also resulted in an increased use of synthetic 
glues. 

The growth of polymer chemistry, the increased understanding of 
polymerisation reactions and the realisation of the need to relate chemical 
structure of the adhesive to the nature of the surfaces being bonded, have 
all contributed to a widening of the field of application of synthetic adhesives. 
Consequently they are now being used on an increasing scale for bonding 
materials such as metal, glass and ceramics and give results which compare 
favourably with conventional and long established processes. 


§ 3. THERMOSETTING RESIN ADHESIVES 


Industrially, thermosetting adhesives are much more important than the 
thermoplastic types, since they can be used in highly-stressed structures. 
The methods of preparation of some of the members of this class are 
described below. The methods of setting the adhesives and the mechanism 
by which these processes occur are described in a later section. 


(a) The preparation of Thermosetting Resin Adhesives 


(i) Phenolic Resin Adhesives 

This group includes all the tar acid-formaldehyde and resorcinol-formalde- 
hyde resins, but details of the preparation of phenol-formaldehyde and 
resorcinol-formaldehyde resins only, are given. 

Phenol-formaldehyde adhesives are, in general, prepared by reacting 
phenol with a molar excess of formaldehyde (most are prepared with a 
phenol : formaldehyde ratio of 1: 1.1 — 2) in the presence of small amounts 
of alkaline catalysts. 
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Both hot setting and cold setting phenol-formaldehyde adhesives are 
prepared in this way—a typical formulation being as follows ?: 


100 kg Phenol 
150 kg 30% Formalin 
2.5 kg Caustic Soda 


are refluxed together for 15 minutes, followed by vacuum evaporation, 
until a sample of the resin dissolved in an equal weight of acetone has a 
fixed viscosity. 

12.5 kg paraformaldehyde and 25 kg acetone are then added and refluxing 
continued until a solution of 2 parts by weight of resin dissolved in 1 part 
by weight of acetone has a viscosity 34-37 times greater than the viscosity 
of acetone at 20° C. 

In the example given the end point of the reaction is determined by 
viscosity measurement which is essential in a resin from which most of the 
water has been removed. In other cases the reaction is followed (in the 
unevaporated resin) by solvent toleration measurements. A fixed volume 
of the unevaporated resin at, say 20° C, is titrated with solvent, (a mixture 
of water and methylated spirits is commonly used) until cloudy. The 
percentage by volume of solvent “tolerated” by the resin can thus be found 
and this result gives an indication of the extent to which the condensation- 
polymerisation reaction has continued. 

The ability of phenol to take part in such condensation-polymerisation 
reactions is due essentially to the reactivity of the positions in the benzene 
nucleus, ortho and para to the hydroxyl group. In the presence of alkaline 
catalyst, phenol will combine with formaldehyde to form firstly ortho- and 
para-hydroxy benzyl alcohols, then 2:4 and 2:6 dimethylol phenols 2. 
The formation of 2: 4:6 trimethylol phenol has also been suggested 3. 


OH OH OH 


alkaline CH,0H 
CO + CH20 “catalyst O ana O 
4 CH,0H 
ae ON 
OH OH 20 OH 
HOH,C CH20H HOHSC CH,0H CH,0H 
eee —____ 
CH20 CH,O 
CH20H CH20H 


The presence of the phenolic hydroxyl is necessary to facilitate these 
reactions; if this group is acylated or methylated, the reaction with formal- 
dehyde takes place oniy with great difficulty. Powers * suggests that a 
low stage phenol-formaldehyde resin can be represented by a linear molecule 
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possessing fewer than six phenolic nuclei, methylol groups being present 
in the reactive positions in the nuclei provided excess formaldehyde is 
used in the manufacturing process. 

The final insoluble and infusible product is represented as a cross-linked 
macromolecule §. 


OH OH 
Ups Cue 
OH 
CH 
1B Oe: OH 
CH, CH, aia cH, — 
n 


Degradation experiments carried out by various observes support this 
contention. 

Although the reactiort of various phenols with formaldehyde has been 
investigated extensively, the effects of substituents, (e.g. alkyl substituents 
in the phenol nucleus) on the adhesive properties of the final product has 
received comparatively little attention. 


(ii) Resorcinol-Formaldehyde Adhesives 


Resorcinol-formaldehyde adhesives were introduced commercially in 1943, 
after very early investigators & 7, 8had reported rapid transformation to 
insoluble products. Resorcinol, having two ortho-para directing hydroxyl 
groups is consequently doubly activated in the positions ortho and para 
to those groups and reacts rapidly and easily with formaldehyde. When 
preparing resorcinol-formaldehyde adhesives, it is therefore customary to 
react resorcinol initially with considerably less than an equimolecular 
quantity of formaldehyde, to prevent gel formation. 

Numerous patents 9 19, 1, 12, 13 have been taken out on the preparation of 
resorcinol-formaldehyde resins. In most cases, resorcinol, in a solvent 
diluent (water serves admirably) is heated to 95—100° C in the presence of 
a small amount of alkali or acid and then formaldehyde in less than equi- 
molecular amount, added gradually with stirring. When the addition of 
formaldehyde is complete, the mixture is refluxed fora short time to complete 
the reaction, evaporated under vacuum and the pu of the adhesive finally 
adjusted to approximately 7. When the resorcinol-formaldehyde adhesive 
is used, extra formaldehyde added as paraformaldehyde, provides the 
methylene groups necessary to complete resinification. 

Owing to the speed at which the reaction between resorcinol and 
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formaldehyde takes place, it is difficult to isolate intermediate products and 
consequently comparatively little information is available on the structure 
of these resins. By viscosity measurements and determinations of bromine 
numbers of reaction mixtures of resorcinol and formaldehyde, Dusrisay 
has obtained results which are consistent with the formation of methylol 
compounds similar to those which are obtained from phenol itself. Such 
alcohols would presumably condense firstly to form substituted dihydroxy- 
diphenyl methanes and then further to form a cross-linked network, thus :- 


OH OH OH 
CH20H eo 

oH = &H20 OH OH 

CH,0H 


OH OH 


OH OH 
CHa CH CH, — 
OH OH OH OH 


(iii) Urea-Formaldehyde Adhesives 


In present day manufacture of urea-formaldehyde adhesives, it is customary 
to dissolve urea in neutralised formaldehyde, in the molecular ratio of 
1: 1-2, make slightly alkaline, say po 8—9, and heat for a short period under 
reflux. The pH of the solution is then lowered to approximately 5 and 
refluxing continued until dilution, at say 21° C, of a fixed volume of the 
resin solution with a fixed volume of water produces turbidity. The reaction 
is first carried out under alkaline conditions to prevent the formation of 
insoluble compounds such as GoLpscHMiIpT’s compound ?!® and later 
carried out under slightly acid conditions, because, as will be described later, 
the polymerisation-condensation reaction then takes place much more rapidly. 

When the required degree of condensation, as determined by the test 
described above, has taken place, the resin solution is again made neutral 
and evaporated under vacuum to give a liquid resin of fixed viscosity. 
Alternatively, the resin solution may be spray dried to give a powder, 
which is reconstituted by solution in water before use. Various fillers, the 
use of which cheapens the adhesive without detracting seriously from its 
adhesive properties, can be mixed into the evaporated liquid or dry-mixed 
with the powder. 

Urea-formaldehyde adhesives are almost invariably used in conjunction 
with accelerators or “hardeners”. The accelerators are usually the ammo- 
nium salts of strong acids, such as ammonium chloride, sulphate, nitrate 
or thiocyanate. These salts in solution react with the free formaldehyde in 
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the adhesive and the corresponding strong acid is liberated. The pH of the 
mixture of adhesive and accelerator is consequently reduced and under 
such conditions completion of the condensation-polymerisation reaction 
and the formation of a cross-linked infusible material occurs. 

The mechanism of the formation of urea- formaldehyde polymers is still 
uncertain. Under alkaline conditions, monomethylol urea or dimethylol 
urea, compounds originally described by Gotpscumipr !* and Ernuorn !”, 
may be formed depending on the urea/formaldehyde ratio. 


Nis  NH.CH,OH 
co ACH ee CO 


\nu, \NH, 
monomethylol urea 
| CH,O 
NH.CH,OH 
wt 


co 
\\NH.CH,OH 


dimethylol urea 
It is possible that both these compounds are formed and that there is 
initially an equilibrium mixture of urea, formaldehyde, monomethylol and 
dimethylol ureas. Kinectic studies on the reaction of urea and formaldehyde 
have shown that equilibria of this kind can exist 18, 19 20, 
Under acid conditions, the methylol ureas may dehydrate to the 
corresponding methylene ureas. 


/NH.CH,OH N = CH NH.CH,OH N = CH 
4 : os : VA : Ve ; 
CO —-> CO SALAD —-— > CO 
\NH, \nu, \\NH.CH,OH \N = CH, 
monomethylene urea dimethylene urea 


Polymerisation of a difunctional molecule, such as monomethylene urea, 
would produce a linear polymer, but dimethylene urea, even if present, in 
small quantities, could act as a cross-linking agent in such chains. Poly- 
merisation of the tetrafunctional molecule, dimethylene urea, would readily 
give a thermosetting structure. It seems probable that in the evaporated 
liquid urea-formaldehyde resin, methylol groups are present, as there are 
indications that amounts of formaldehyde greater than the pure formalde- 
hyde content of the resin can easily be liberated; “additional” formaldehyde 
could readily be formed by the breakdown of methylol groups. 
Marve 2! has suggested an entirely different mechanism of resin forma- 
tion in which urea reacts as an amino-acid amide, one of the -NH, groups 
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in the urea molecule, thus becoming amine in character and the other 
amide. The amine group, it is contended, reacts with formaldehyde to 
yield a methylene-imine derivative, CH, = NCONH, which then trimerizes 
to a cyclic trimethylene triamine compound. The amide —NH, reacts with 
formaldehyde to form methylene bis-amide links between the rings. The 
final product is postulated a as highly cross-linked structure of the type 


shown. 
NCH NH 
Co co 
N N 
ann << 
ch eH cf He 
—CH,—NH—CO-N_ _N-CO—NH HN-CO—N_ _N—CO—NH—CH— 
: chy | | Eh; 
a vet CH> 
c 
2 2 
— Cy NH CO—W n-co— WH HN CO— WT —co—NH— cla 
CHo Ho CH2 —CHo 
cO-NH CO-NH 
te ch 


Marve found that some amino-acid amides will react with formaldehyde 
in the manner he suggests for urea, and attempts have been made to 
synthesize the intermediate trimer postulated above. By reacting urethan 
with formaldehyde the trimer (I) has been prepared—the trimeric nature 
of this compound being first suggested by Giva and Raccrn 22, and 
confirmed by Marve ef a/. 21. All attempts to convert the urethan to the 
urea derivative (II) were however unsuccessful. 


COCs Pohali 
N N 
Pd 2 
CH, “cia fice CHa 
| 

HeC.—CO—N N-CO—C,H H,N—CO—N N—CO—NH 
$2 2''5 2 2 

em “che 


(iv) Melamine-Formaldehyde Adhesives 


Owing particularly to their greater resistance to water and their better 
heat stability, melamine adhesives have received considerable attention 
in recent years. 

Melamine (2:4: 6-triamino-1: 3: 5-triazine) was first prepared by 
Liesic *3 who was able to isolate it, in small quantities, from among the 
decomposition products obtained by heating ammonium thiocyanate. 
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Numerous investigators have since examined methods of preparing 
melamine, but industrially it is now prepared by heating dicyandiamide 
under pressure with anhydrous liquid ammonia #4, Melamine is a stable 
crystalline solid, slightly soluble in hot water but only very sparingly 
soluble in cold water; it melts at 354° C with decomposition and can be 
sublimed. 

A typical method of manufacture of a melamine-formaldehyde resin is 
as follows ?5: 

Melamine and 40% formalin (in the molecular ratio of approximately 
1: 3) are mixed with stirring and the pu of the mixture adjusted to 8-9 
by the addition of dilute caustic soda solution. The temperature of the 
suspension is gradually raised to 60° C. At this stage an exothermic reaction 
occurs and the heat evolved is sufficient to raise the temperature of the 
mixture to about 80° C when solution of the melamine occurs. The solution 
is maintained at 80° C and the progress of the condensation followed by 
determining the degree of water toleration. The first stage of the conden- 
sation is taken as being essentially complete when permanent turbidity is 
produced on mixing the resin solution (1 vol.) with water (3 vols.). The 
mixture is then matured at 80° C for a period equal to that which elapsed 
between the temperature first reaching 80° C and the occurrence of turbidity 
on dilution. When the reaction is finally complete, the liquid polymer- 
condensate is spray or roller dried as its aqueous solution is unstable. 

The mechanism of melamine-formaldehyde resin formation has been 
discussed in detail by KoEHLER 76, 2? and Gams ef a/. 8, There is some 
evidence 2° that melamine itself can exist as an amide, this form being in 
equilibrium with the amine form thus: 


NH NH 
| 
C ve 
ie sar eet 
HoN—C Ze NH HN=C._ CNH 
N NH 
2:4:6-triamino-1 :3 :5-triazine 2:4:6-tri-imido-1: 3:5-trihydrotriazine 


When discussing the mechanism of resin formation however, it is 
sufficient to consider the amine form. 

Melamine will condense with formaldehyde to form methylol compounds 
and of the six possible compounds the most stable and most easily isolated 
is hexamethylol melamine *°. A  trimethylol compound can also be 
prepared *1. 
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The hexamethylol compound could presumably polymerise through 
ether (-CH,-O-—CH,-—) linkages. If it first lost formaldehyde, and was 
converted to the trimethylol compound, condensation through methylene 
links with simultaneous loss of water, could take place. Diagramatically, 
this can be represented as shown *!: 


eb eb HN-CH,0H 
| CH,0H i 
Loe — nm ‘y +(3CH,0), 
H 
HOH,C. | ll CH,0H ee Ret: 
27 NC C—N Nm i 
HOH,C~ “Sy = CH 0H HOH. C N CH, OH ; 
n 
N-CH 
-N-CH- —N-CH,- 
eis I . 
Po Ae 
—N—CH,—0—CH,—N—| +nH,0 N N N GH 
: . —CH i ! AcH,—| +h 
n NC. LC —NH—CH,— NHC. _LC—N 


Sy cha — 
n 


—CH.~ Se a 


A trimethylol melamine could similarly enter into condensation-polymeri- 
sation reactions also with loss of water. It is assumed that in the formation 
of the melamine resin, the triazine nucleus remains intact, which assumption 
seems very highly probable in view of the high thermal stability of melamine 
and its alkyl derivatives. 

KOEHLER *® determined the quantities of formaldehyde and water 
liberated on long heating of a trimethylol melamine at 180° C. He concluded 
that practically all the methylol gtoups reacted with one another and that 
according to whether water or formaldehyde was split off, either ether or 
methylene linkages would be produced. From the ratio of water and 
formaldehyde liberated he calculated that about three ether linkages were 
present for each methylene linkage. 

Gams ef a/. 8 have questioned the method of calculation used by 
KOEHLER and have pointed out that on the condensation of two methylol 
groups to form one methylene bridge, both one molecule of formaldehyde 
and one molecule of water will be split off. 

They also point out the possible modes of reaction of a melamine methylol 
compound which are: 

(1) Ether linkage 
2, .N.CH.Onee N CH,OCH,N + H,O. 
RW R“ \R 
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(2) Methylene linkage 


H H H 
x / sa a 
NCH,OH+HN -—->» NCH.N +4H,0. 
RY \R RY” \R 
H H H H 
—< os fe 
N.CH,OCH, N —> N CH,N + (CH,O. 
RY” \R R” \R 
(3) Azomethine group formation 
H 


:> CH,OH —--> RN = CH, + H,O. 
R 


where R represents the diaminotriazine radical. 


res 
N N 
R= | | 
HNC C NH, 
he 
N 


They further point out that by analytical methods alone, it is not possible 

to distinguish between an ether link and a methylene plus a methylol 

group, or a mixture of azomethine and a methylol compound. 

H ag ssl fis OH Stee 
NCH,O CH,\N = #NCH,N N= CH, LHN 

a eiage > Ng ~ 

These authors finally conclude that it is possible that the ether and 
methylene bridges act as points where linkage is possible between the 
molecules and that azomethine groups are also present as potential poly- 
merisation elements. 

In a later paper, KOEHLER 2’ reports the loss of very little formaldehyde 
on heating the solid resin and again concludes that ether bridges must 
therefore be formed in preponderance. KOEHLER ?? also measured molecular 
weights of melamine resins and from these measurements calculated that 
in the unhardened resin four or five triazine rings are present per molecule. 
The molecular weight rises as hardening proceeds and after five or six 
hours at 100° C, molecular weight measurements indicate the presence of 
twelve to fifteen triazine groups. 


(v) Miscellaneous Thermosetting Adhesives 
Although urea-formaldehyde, melamine-formaldehyde and phenol-formal- 
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dehyde resins used in aqueous solution form the largest class of industrial 
synthetic adhesives, there are numerous other thermosetting resins which 
have been tested for this purpose. It is only possible to give a brief mention 
of some of them. 


a. Furan derivative resins. Furfuraldehyde (furfural) and furfuryl alcohol, the 
aldehyde and alcohol respectively derived from furan show considerable 
promise as materials for the production of thermosetting adhesives which 
can compete successfully with the well established thermosetting materials. 

Furfural is obtained commercially by heating bran, obtained from 
corncobs and oat hulls, with dilute sulphuric acid. The pentoses, which, 
as pentosanes form a considerable proportion of bran, lose water under 
these conditions and are converted into furfural. 

Furfuryl alcohol is readily obtained by the reduction of furfural. It is 
also formed, along with furan-a-carboxylic acid when furfural is treated 
with mild alkalies; the furfural undergoes a CANNIzzARO reaction. In the 
presence of acid catalysts both furfural and furfuryl alcohol undergo 
resinification 82, Stable liquid polymers can be produced which when 
activated by the addition of acid catalysts can be cured at room temperature. 


B. Polyurethans. A urethan is obtained by the reaction between an ssocyanate 
and an alcohol, thus: 
R,N = C= O-+ R,OH ——> R,NHCOOR, 

Di-or polyzsocyanates can be prepared which undergo similar reactions. 
For example, tolylene di-/socyanate is prepared by allowing phosgene 
dissolved in ortho-dichloro-benzene to react with tolylene diamine, the 
latter being produced by reduction of ortho-dinitro-toluene. Polyurethans 
are then formed by allowing the /socyanate to react with polyhydroxy 
compounds such as 1: 4-butanediol, hexanetriol, or a polyester containing 
free hydroxyl groups. The polyester can be prepared by esterification of 
adipic acid or phthalic acid with excess of a polyhydric alcohol, such as 
glycerol or trimethylol propane. When the polyester is mixed with a di- or 
poly/socyanate, reaction to form solid compounds of high molecular weight 
OCCUtS ears 

This latter type of reaction was the basis of the German “Polystal” 
adhesives which were claimed to be not only suitable for bonding wood 
but also to give promising results in metal to metal joints. These claims 
have not been wholly substantiated by work carried out in this country 
when it was found that a very marked foaming occurred when the polyiati 
cyanate reacted with the polyester and poor bonding resulted. 
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y. Epoxy-resins. If epoxyethane (ethylene oxide) is allowed to react with 
acetic acid or acetic anhydride, glycol-diacetate is not the sole product, 
but diacetates of polyethylene oxides are also formed **. Later attempts to 
prepare ethylene oxide resins generally gave thermoplastic materials 37, 
It has since been shown that epoxyethane derivatives, which by themselves 
are thermoplastic, can react further with various compounds and be 
converted into thermoset materials 38, 39, 

Suitable epoxyethane derivatives are prepared by reacting, for example, 

epichlorhydrin with polyfunctional phenols in alkaline solutions, when 
compounds which have epoxyethane groups at both ends of a carbon 
chain are produced. Subsequent reaction with organic bases or acid an- 
hydrides, results in cross-linking and the formation of compounds of high 
molecular weight. The “hardening” process is of interest in that it takes 
place without the evolution of volatile reaction products such as water 
or formaldehyde and also without appreciable shrinkage. 
6. Silicone resins. The silicones are heat stable organic silicone oxide polymers, 
which were introduced commercially during 1944. In chemical constitution 
they are intermediate between pure organic compounds and the mineral 
silicates. They possess some of the heat stability of the latter materials and 
like organic compounds are flexible and soluble in organic solvents. 

Initial work on organic silicon compounds was carried out as early as 
1904, principally by Krpprnc and his collaborators * who were able to 
prepare organic silicon halides and other organic silicon compounds. By 
hydrolysis of the organic silicon halides, silicone diols and triols can be 
obtained which readily polymerise to form long chain and cross linked 
compounds. To prepare cross linked compounds it is essential that the 
trifunctional silicone triols should be present. A full description of the 
various silicone materials now manufactured and their methods of manufac- 
ture has been given by Bass “1 and Rocuow *. 

RocHow and Giiu1AM * were the first to report on the preparation of 
a solid silicone polymer formed by condensing silicone diols with silicone 
triols, and which has probably the structure 


R R R 
| 
—Si—O—Si—_O—Si—O— 
| | | 
R O R 


R | R 
| | 
—Si—O—Si—O—Si—O— 
R R R 


where R is an alkyl or aryl group. 
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A variety of silicone resins for the preparation of protective coatings and 
for electrical insulation are now available. All are characterised by excellent 
water resistance, an ability to withstand temperatures of approximately 
200° C continuously, and good electrical properties. 

Although at present their adhesive properties remain to be investigated 
fully, the silicone resins appear to have potentialities as adhesives for 
metal-metal, metal-glass and glass-glass combinations particularly where the 
necessity to withstand high temperatures is essential. 


(b) The Solidification of Thermosetting Resins 


The transformation of a thermosetting resin, from the so called “B stage” 
(when it will flow under heat and pressure and is still soluble in some 
solvents) to the “‘C stage” in which the resin is completely infusible and 
insoluble, can be achieved in several ways. The most important are: 

(1) By the application of heat. 

(2) By further condensation caused by the addition of a catalyst. 

(3) By the addition of a reagent 
which either causes the main 
condensation reaction to continue, 
(e.g. the addition of paraform to 
a resorcinolformaldehyde resin), 
or causes a second reaction to 
take place (e.g. the addition of 
“hardeners” to epoxide resins or 
polyhydroxy compounds to po- 
lyisocyanates) the products of which 
are solids. 

When ‘using solutions of phenol- 
formaldehyde or urea-formalde- 
hyde adhesives, methods (1) and 
(2) are frequently combined to 
cause the resin to set quickly. A 
fixed proportion of catalyst, as 
stipulated by the manufacturer, is 
added; the amount being calculated 
to give a glue/catalyst mixture with Fig: 77; ‘Vatiation of “ ifng™ 
aconvenient “‘potlife” at room tem- formaldehyde peal writh Nnceeasingy sii 
perature. By “pot life” is meant the of catalyst solution, 
ae a inane catalyst for the resin to reach an “unusable 

€ state 1s usually taken to be that at which the resin 
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can no longer be spread and corresponds not to a definite viscosity but 
rather to the inception of a state of high elasticity. Pot-life is different from 
shelf life, which is the life of a synthetic resin without catalyst. 

The pot-life depends on the amount and type of catalyst added to the 
adhesive and can be varied over a very wide range. If the catalyst 
consists merely of a single ammonium salt, increasing additions toa urea- 
formaldehyde resin will produce a decrease in pot-life. If, however, as is 
frequently the case in practice, the catalyst solution contains both an accele- 
rating agent and a retarding agent, then increasing additions of catalyst 
solution may give the kind of results shown in Fig. 77, in which the pot-life 
decreases initially and then increases again with increased catalyst addition. 
The exact shape of the curve will always depend on the fundamental 
properties of the resin tested, such as degree of reaction, free formal- 
dehyde content, etc. The same kind of effect has been observed by Frey “4 
using melamine resins. 


(i) Phenol-Formaldehyde Resins 


A considerable amount of work has been carried out on the mechanism of 
heat hardening or heat solidification of phenol-formaldehyde resins. By 
heating pure samples of various phenol mono- and di-methylol compounds 
and where possible, isolating the products so obtained, it has been found 
that hardening takes place in stages. 

All the workers in this field are agreed that with these resins the first 
stage of hardening consists of the formation of ether linked polymers by 
the condensation (with loss of water) of two adjacent methylol groups. 
For example, on heating the mono- or di-alcohols of ortho or para substituted 
phenols at temperatures between 110° C and 180° C, ether formation is 
found to occur. 


OH OH 4 OH 
CH0H _heat at CH, —O—CH2 ape ta 
110-180°C 
is R 


The presence of ether linkages is shown by treatment with hydrobromic 
acid in suitable solvents at room or lower temperatures when dibromides 
corresponding to the initial starting materials are obtained * *. If methylene 
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linkages were present, they would be unaffected by hydrobromic acid 
under such mild conditions. Owing to the extreme reactivity of phenol 
itself, most workers use phenols in which some of the reactive positions 
are already blocked by substituents. This reduces the number of centres 
of reaction and also the number of compounds which can be formed. 

An alternative method of studying the hardening process is to measure 
the quantities of water and formaldehyde evolved 4%» © 46%, It has been 
found that the temperatures at which these substances are evolved from 
a given phenol alcohol are fixed and reproducible and that water is liberated 
at a lower temperature than formaldehyde. 

Considering a simple case, it will be seen that ether linkages can be 
formed by the elimination of water alone, thus: 

RCH,OH + HOCH,R’ —--> RCH, — O — CH,R’ +H,O 
Methylene groups are formed by the elimination of both water and for- 
maldehyde as for example: 

RCH,OH + HOCH,R’ —--> RCH,R’ + H,O + CH,O 

By estimating the weight of water and formaldehyde liberated per gram 
molecule of the phenyl alcohol, some idea of the ratio of methylene to ether 
linkages can be obtained. For example, at 150° C methylene bis(4-methyl- 
2-methylol)phenol, loses 1 molecule of water per molecule of the phenol 
and only a trace of formaldehyde is evolved at the same time, which is 
some evidence of preponderant, if not entire, formation of ether linkages. 

The mechanism of the conversion or break-down of ether groups to 
methylene groups is the subject of some disagreement. The formation of 
a methylene link from an ether link should result in the liberation of 1 
molecule of formaldehyde per ether link, 

RCH,OCH,R’ —-> RCH,R’ + CH,O 
but measurements show that much less is actually obtained. Consequently 
it has been suggested 4° that part of the formaldehyde reacts at any available 
reactive position in the phenol rings, or if this is not possible, with methylene 
bridges or phenolic hydroxyl groups to give structures such as: 








OH OH R 
Saal OPE AC ee = —CH, CH, — 
R R 
1 
or 
CH, GH 
0 
OH OH 
=O Or = 
R R 8 
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Further amounts of water would be liberated by such reactions and have 
been, in fact, observed. The fact that certain polynuclear phenol dimethylols 
containing preformed methylene bridges were found on heating to give 
less formaldehyde and more water per molecule than the simple phenol 
dialcohols, lends support to this theory. On the other hand, it has been 
found *’ that dihydroxy diphenyl methanes do not react with formaldehyde 
at 200—240° C—a reaction which might be expected if cross linking by 
condensation with methylene bridges can occur. 

An alternative mechanism of formation of cross linked molecules invol- 
ving the formation and subsequent polymerisation of quinone methides 
has been suggested. Quinone methide, the monomer, has never been 
isolated because it is very unstable and rapidly polymerises. It could be 
formed from a phenol alcohol or from a dihydroxy dibenzyl ether by loss 
of water in each case. 


OH 
—_—- + H30 
CH,0H CH, 
OH OH 9 
O..- 98 —'O~ 
CH,—-0—CH 
CHa 


This theory is interesting because it indicates a polymerisation reaction 
rather than a condensation 





70 268 : 
= 2 reaction as being at least 
2 60 o4@ partly responsible for the 
= @ formation of a phenol-form- 
5.0 20% aldehyde resin. It is clear 
. however, that the exact 


mechanism of hardening 
is still not fully understood 
and that it may very probably 
8 be the result of several simul- 

taneous complex reactions. 
The effect of pH on the 
rate of setting, at room 
: ieee a: oa ee s temperature, of a resin pre- 
pared from monohydric phe- 


Fig. 78. Variation in setting time and ies BE nol has been investigated by 
i i typical phenolic 
with hardener pee oi a for a typical p Lrrrie and Pepper 4%. 
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The pu of a mixture of an acid hardener and the resin was determined 
and the setting time measured by a resistance strain gauge 4°. Curves such as 
that shown in Fig. 78 were then obtained to show the relation between 
“initial pH”, “setting time” and hardener concentration. 

These authors point out that the setting time curve is hyperbolic and 
setting times become very large at a hardener concentration of about 
3.5%, corresponding to a pH of < 1.0, Above this value of initial px, 
setting occurs at room temperature only over a very long period. The same 
results were obtained when resins based on ortho substituted phenols were 
used and also when the ratio of formaldehyde to phenol was varied. When 
meta substituted phenols were used, products which set at a higher pH 
(a pH as high as 3 is quoted) were obtained, but were much more sensitive 
to hardener concentrations, e.g. the authors state that in this case “increasing 
the hardener concentration from 5.2 to 5.4% reduced the setting time 
from one day to one hour”’. This initial pp above which the resins would 
not set is described as a “barrier or threshold pH” and is stated to be “a 
well defined characteristic of all phenolic resins”. Fig. 79 shows 
setting time curves obtained by these authors for a resin at three 
different temperatures. It will be seen that in all cases amounts of 
the hardener used of less than about 11% have no effect on the setting 
time, “indicating that the barrier pH is independent of temperature”. 

From these experimental results and considering also the work of 
KROEBNER *° and MEGsoN *! and the work of Sucmmoro ®, the authors 

conclude that the acid cata- 


E lysed setting of phenolic resins 
ri 12 depends on the reaction between 
2 i a phenolic alcohol and a phenol 
= to form a disubstituted methane, 
” 


the pH required to cause setting 
being dependent on the state of 
activation of the reacting groups 
which itself will be influenced 
by the other groups present in 
the molecule. 
The fully hardened resins 
5 ete regarded as rigid three 
Os hardeter dimensional structures in which 


ioe there is random cross-linking. 
ig. /2. Variation in setting time with hardener = 53 
concentration for a phenolic glue at three Houwink has suggested that 


temperatures 4 the resin in this state consists of 





References p. 247 


3 THERMOSETTING RESIN ADHESIVES 219 


a continuous macro-molecular skeleton, the pores of which are filled with 
lower molecular weight condensates and/or unreacted reagents. Other 
authors 4 have suggested a spherocolloidal structure in which clumps of 
macromolecules are entrapped in a continuous viscous liquid disperse 
phase. More recently BARKHUTT and CARSWELL ®, 56 studied the structure 
of the hardened resins by observing the rate of swelling of thin films in 
acetone, the effects of catalyst concentration, reactant ratios and temperature 
of cure being examined. As a result of this work, a structure consisting of 
sphero-colloidal particles cross linked to a limited extent by methylene 
bridges is proposedfor the fully cured resin. 


(ii) Resorcinol-Formaldehyde Resins 


When preparing resorcinol-formaldehyde adhesives, it is customary, as 
already stated, to react one grammolecule of resorcinol with less than one 
molecule of formaldehyde and to produce final hardening by the addition 
of a further quantity of formaldehyde, generally added as paraform. This 
amount of formaldehyde provides the necessary extra methylene groups to 
complete the cross linking, the hardening process being frequently 
carried out at pH 7—7.5. When however the pot life of a resorcinol resin, 
to which has been added a fixed quantity of formaldehyde, is deter- 
mined at varying pH, and the pot-life plotted against px, a curve of 
the type shown in Fig. 
80 is obtained 4°. 

The curve shows a 
maximum at about pH 
3—4 and a minimum at 
about pH 7—7.5; the 
exact pH values corres- 
ponding to maximum 
and minimum pot-lives, 
depending also on the 
method of preparation 
of the adhesive. 


10 Zo According to GRAN- 
x . . . 
0 10.20 30 40 50 60.70 60 90 due to CANNIZZARO’S 


Pu reaction. LirrLe and 


Fig. 80. Variation in gel time of standard resorcinol- Pepper 48 explain the 
formaldehyde syrup with pH **. maximum by plotting 
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logy) pot-life or gel time against pH and obtain the graph shown in Fig. 81. 
They point out that the two linear portions of the curve indicate two 
reaction mechanisms, one catalysed by hydrogen ions and the other by 
hydroxyl ions. The former controls the setting at low pu values, the 
latter at pH values above 4. In addition, these authors obtained the same type 
of curve when the resorcinol-formaldehyde ratio of their resins was varied 
and when the gel times were determined at various temperatures showing 
that the same reaction mecha- 
nisms ate operative in all cases. 
They suggest that the basic 
reaction between formaldehyde 
anda 1 :3-dihydricphenolsuchas 
resorcinol, to form firstly a 
phenolic alcohol and then a 
disubstituted methane may be 
catalysed by either hydrogen or 
hydroxyl ions. They further point 
out that some support for this 
view is to be found in the fact 
that the setting characteristics of 
a range of resorcinol resins Fig. 81. Standard Resorcino] Formeldehyde 
prepared at inital pH’s ranging : Syrup; logy, gel time plotted against pu ® 
from 1—7 were almost identical. Consequently it seems probable that the 
intermediate compounds—formed either as a result of H+ or OH- catalysis— 
have similar chemical constitution. Experiments carried out by the author 
tend to show that the initial reaction between resorcinol and formaldehyde 


is much more sensitive to OH~ than H+ ions, particularly when the 
resorcinol : formaldehyde ratio is low. 


Log,, gel time 





(ii) Urea-Formaldehyde Resins 


Some of the chemical reactions involved in the cross linking of urea- 
formaldehyde resins have already been described. Much less information 
is available on the precise nature of the compounds formed during solidi- 
fication of these resins as it is much more difficult to isolate stable inter- 
mediate products. 

Again it has been found °8 that if the pH of a mixture of urea-formaldehyde 
resin syrup and catalyst is not less than 3.1, then the setting time is greatly 
protracted. Graphs relating the initial PH and the setting time to hardener 


concentration are the same type as in Fig. 78 but in this case the “barrier” 
or “threshold” px is 3.1. 
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By plotting log, (setting time) against initial px a linear relationship 
is obtained; the linear relationship holds whatever acid is used as hardener. 
Hydrogen ion concentration therefore controls the rate of setting and 
consequently less “strong” acid than “weak” acid is required to cause 
the resin to set in a specific time. In practice, as has already been stated, it 
is customary to use solutions of the ammonium salt of inorganic or organic 
acids as catalysts or hardeners. Typical salts are, ammonium chloride, 
sulphate, thiocyanate, oxalate and nitrate. Formic, the three chloracetic 
acids and most inorganic acids can also be used successfully. 

As will be discussed later, a large percentage of the urea-formaldehyde 
adhesives now manufactured is used in the preparation of hot-pressed resin- 
pot-life 
pressing time at 95°C 
ratio should be large. To achieve this, hardener solutions are frequently 
compounded so that in addition to, say, ammonium chloride, they contain 
ammonia, urea and/or hexamine. Ammonia and urea are capable of reacting 
with free formaldehyde in the resin and formaldehyde loosely bound in 
methylol groups, to form hexamine and a further small quantity of resin 
respectively. Consequently these substances ““compete”’ with any ammonium 
salts present for the total available formaldehyde. Decomposition of and 
liberation of hydrogen ions from the ammonium salt consequently occur 
to a less extent, the pu of the glue/hardener mix falls more slowly and the 
pot-life of the glue is extended. It is essential however, that the hardeners 
formulated to give long pot-life at room temperature should not give 
glue/hardener mixes which require relatively long pressing times at 95° C—as 
from a production point of view too long a pressing time is clearly undesi- 

rable. 





bonded plywood. For this purpose, it is essential that the 


(iv) Melamine-Formaldehyde Resins 


The setting of melamine-formaldehyde syrups has also been investigated 
by Lrrrte ®* who found that they could be set readily by the addition of 
solutions of acids, such as for example, formic, chloracetic, trichloracetic 
and phosphoric acids. The rate of setting was found to be controlled by 
hydrogen ion concentration—the log,, (setting time) being related linearly 
to the pu of the glue/hardener mixture. The “barrier px’ was in this 
case found to vary between 5.8 and 6.8 depending on the acid used. The 
melamine resins set therefore under less acid conditions and appear to be 
somewhat less sensitive to hydrogen ion concentration than the urea- 
formaldehyde types. 

The chemical reactions involved in the setting of various other thermo- 
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setting resins remain to be fully investigated. Very little information is 
available for example on the reactions which it is suggested the epoxide 
resins undergo on addition of the so called “‘hardeners”—reactions which 
are of particular interest in that their completion does not result in the 
formation of volatile products. 


(c) Performance and Applications of Thermosetting Resins 


Before describing in some detail the performance characteristics of the 
main synthetic resin adhesives, it is of interest to considér some of the 
broperties required in adhesives particularly when they are used for bonding 
different types of adherends. 

There are two main types of adherend, (a) porous or absorbent, and 
(b) non-porous or non-absorbent, which give rise to three combinations, 
(viz.: porous to porous, porous to non-porous and non-porous to non- 
porous) of materials to be bonded together. Frequently, most difficulty is 
encountered in obtaining satisfactory adhesion between two non-porous 
adherends. 

It can be readily and simply demonstrated that to obtain good adhesion, 
the adhesive must wet the adherend ®, It is also approximately true that 
wetting will occur when the interfacial forces between the adhesive and 
the adherend are greater than or equal to the cohesive forces of the adhesive. 
Wetting is therefore a visible sign of the existence of specific adhesion 
caused by intermolecular attractive forces, which are secondary (VAN DER 
Waats’) in nature and the magnitude of which, it has been calculated, is 
sufficient to account for the observed strength of glued joints. 

From a more detailed discussion of such forces, DE BruyNE 5° has 
developed the thesis that the behaviour of specific adhesion shows similari- 
ties to the rules governing the mutual solubility of liquids as expounded 
by HILDEBRAND ©. Just as non polar liquids of low internal pressure 
tend to be immiscible with polar liquids of high internal pressure so do 
polar adhesives show incompatibility with non polar solids. In practice, 
it is usually advantageous to make non polar surfaces hydrophylic by special 
treatment in order to secure good adhesion. Thus if rubber is immersed 
in strong sulphuric acid for a short period, it can be glued with a polar 
adhesive such as a resorcinol-formaldehyde resin. 

Tuntus *! has also discussed the problem of joining different plastics 
and has shown that the wetting action of the solvent used, plays no 
significant role in the attainment of good adhesion between adherends, nor 
does the use of a neutral solvent alone lead to successful results if the 
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adherends show differing polarities. The author describes new ways for 
compensating the differing polarities, so that practically every kind of film 
material can be made to adhere to a differing kind of substrate. 

Wetting of the adherend by the adhesive is not sufficient in itself to 
produce good adhesion particularly if, as is usual, the adhesive eventually 
solidifies. If when solidification occurs, differential straining between the 
adherend and the adhesive takes place, internal stresses exceeding the 
strength of the bond may be set up and bond-rupture will then occur. 

Internal stresses may be set up principally (1) by contractions of the 
adhesive which occur due to solidification reactions, (2) by differences in 
the coefficients of expansion of the adhesive and adherend when hot-setting 
adhesives are used, and (3) by the inability of volatiles—present as solvents 
or liberated during the setting reactions—to escape, particularly from joints 
made up from non-porous adherends bonded under heat. 

Ideally then, synthetic resin adhesives shoud, if possible, have good 
wetting properties for all surfaces, should solidify, preferably in the cold, 
without change in volume and without the evolution of volatile materials. 
They should, also, be stable, non-corrosive liquids, which can be caused 
to set in a conveniently short time, by, for example, the addition of another 
stable, non-corrosive liquid or soluble solid or by the application of mode- 
rate heat. In addition, the solid adhesive should itself have good cohesive 
properties so that it can withstand strain without disintegration and give 
a bond stronger than the materials being bonded. 

Chemically, it is probably essential for an adhesive to be polymeric, and 
to be composed of both high and low molecular fractions. DELMONTE ® 
suggests that the specific adhesion may be due to the low molecular weight 
fractions and cohesive properties to the high molecular weight fractions 
of a given polymer. 

Of the three combinations of adherends mentioned above, the most 
important ones are, (a) metal to metal, (b) metal to wood, and (c) wood 
to wood, all of which can be bonded satisfactorily with synthetic resin 
adhesives of various kinds. 


(i) Metal to Metal Bonding 


For bonding metal to metal the ideal adhesive would be one that could 
be used at room temperature, without the application of more pressure 
than is required to bring the surfaces into contact, and which in a reasonably 
short time would give an assembly, which on testing to destruction, resulted 
in complete metal failure. No material is at present being manufactured 
which fulfils all these conditions. 
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Many thermosetting materials used alone are not very successful and 
consequently, it has generally been found necessary to prepare special 
adhesives for metal to metal bonding. Some of these consist of a mixture 
of synthetic rubber and synthetic resin, ¢.g. Cycleweld developed by the 
Chrysler Corporation, U.S.A., Metalbond, developed by the Vultee Aircraft 
Corporation, U.S.A., and Pliobond, developed by Goodyear Corporation, 
U.S.A. 

These adhesives can be applied by spraying the metal surfaces (suitably 
degreased and pickled) until an adhesive layer of recommended thickness 
has been built up. This layer is allowed to air dry for varying times and then 
the coated surfaces bonded together under heat and pressure. Pressures 
varying from 100-1000 p.s.i. and temperatures from 90—160° C are frequent- 
ly necessary. 

In England, a process known as the “Redux” process has been developed 
by Aero Research Limited. The metal surfaces to be bonded, after degreasing 
and pickling, are first coated with a low viscosity phenolic resin and then 
dipped into, or sprinkled with, a thermoplastic polyvinyl acetal powder. 
Assemblies are pressed for about 15 minutes at 200 p.s.i. and 300° F 
(150° C) or for longer times at lower temperatures. 

An epoxide resin (see page 213), “Araldite”, manufactured by Ciba 
Limited, Switzerland, can also be used for metal to metal bonding. This 
resin is supplied in the form of powder or sticks, softens at 40—50° C and 
and is spreadable at 70—100° C. Consequently it is most easily applied to 
hot metal surfaces, which are then placed in contact; it is not necessary to 
apply more pressure than is required to maintain surface contact and prevent 
slipping. The resin is cured by heating for say, 1 hour at 190° C or for 
longer times at lower temperatures. 
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Fig. 82. Simple Overlap Joint 





Using Cycleweld, it is stated & that in bonding sheet aluminium, shear 
strengths as high as 3000 p.s.i. (calculated on the basis of failing load divided 
by glue area) have been obtained and the combination of Cycleweld and 
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a few strategically placed rivets enabled smooth contour assemblies to be 
made which gave excellent results on test. 

Recently, a comparative investigation into the strengths of various types 
of metal to metal glued joints has been made by HartMANN ®, Table 18 
shows some of the results obtained on testing simple lap joints such as 
that shown in Fig. 82; full details of testing by this method are given in 


Chapter 9. 
TABLE 18 
SHEAR STRENGTH OF METAL-METAL JOINTS BONDED WITH VARIOUS ADHESIVES 

















Glue Area S in Mean Shear Stress 
Metal | — in mm? (b x 1) mm kg/mm? 
Dural Redux 186 0.5 2.18 
a a 202 0.5 1.93 
om a 135 0.5 2.74 
be ha 388 1.0 1.97 
‘ Araldite 340 132 2.22 
ui wv 148 iby 3.56 
- af 511 Dee ' 2.46 
x | Pliobond 290 132 1.91 
a oe 432 My 1.13 


It will be seen that all these adhesives give metal to metal bonds of 
considerable strength. It must be emphasised however that to obtain 
consistently high bond strength, the metal must be pre-treated carefully. 
When bonding aluminium alloys best results are obtained when the metal 
is first degreased and then pickled in sulphuric acid/chromic acid mixtures. 
If instead of being pickled, the metal is degreased and sanded, then although 
satisfactory results are obtained there is certainly a reduction in the strength 
of the joint. 

It is from developments of this kind that the bonding of metal, in particu- 
lar aluminium alloys, by synthetic adhesives has now reached a stage where 
it is, under certain circumstances, able to compete both economically and in 
performance with the more conventional processes of riveting and welding. 

It would frequently be advantageous if the metal bonding could be 
carried out at room temperature using cold-setting adhesives. One of the 
“Araldite” resins which sets cold on the addition of a hardener can be used 
for this purpose. Joints with }” overlap, prepared from Alclad test pieces 
(1” x 44” x 0.036”) and this adhesive will give shear strengths of on the 
average 6-700 lb. if the metal is degreased and pickled before assembly. 
If the metal is merely degreased and sanded, a reduction in the strength of 
the joint occurs. If after bonding, the metal is heated to temperatures 
greater than 60° C, then the bond strength is reduced. 
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Resorcinol-formaldehyde resins have also been employed as cold setting 
metal to metal adhesives but appear to be particularly sensitive to the 
nature of the metal surface to which they are applied. For example, it has 
been found in the author’s laboratory that using Alclad test pieces of the 
dimensions stated above and with }” overlap, failing loads of, on the 
average, 1000 lb. can be obtained provided the metal is degreased and 
pickled very carefully before treatment with the glue and assembly. Under 
these conditions the adhesion between the glue and the metal is good and 
failures in cohesion occur. If, however, the metal is degreased and sanded 
or degreased and etched in mildly alkaline solutions then extremely poor 
results are obtained and failures are almost entirely due to poor adhesion 
between the metal and the glue. 


(ii) Metal to Wood Bonding 


Some of the adhesives designed for metal to metal bonding can also be 
used for bonding wood to metal, provided the pressing or curing temper- 
atures are not detrimental to the wood. 

The “Redux” process is well adapted to this purpose. When joints such 
as those shown in Fig. 82 are prepared using, say, a standard beech test 
piece (1” x 43” x 3”) and an Alclad test piece (1” x 44” x 0.036”) with 
a 1” overlap and then tested in shear to destruction, wood failure invariably 
occurs. 

When the same type of joint is prepared using cold-setting “Araldite”, 
failing loads in shear of 500-700 Ib. are generally obtained when the joints 
are tested to destruction at room temperature. Again, however, the joint 
strength decreases markedly if the temperature of the assembly is increased. 

Wood can also be bonded to metal using a cold-setting resorcinol- 
formaldehyde resin but to obtain satisfactory and consistent results careful 
pre-treatment of the metal surface is again essential. When these conditions 
are satisfied, failure of the wood adherend frequently occurs when the 
assembly is tested in shear. 


(iii) Wood to Wood Bonding 


By far the largest quantity of synthetic adhesives is used for wood to wood 
bonding as this includes the manufacture of plywood, an industry which 
has been revolutionised by the introduction of synthetic resin adhesives. 

It is convenient in this instance to distinguish between hot-setting 
adhesives, which are used for hot-press gluing, and cold-setting adhesives, 
which are used for assembly gluing at room temperature, even though the 
same resin adhesive may be employed for both purposes. 
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a. Fot-Setting Adhesives. Synthetic resin adhesives which are caused to set 
by the application of heat and pressure with or without the addition of 
a catalyst are now used extensively in the plywood industry. 

Most countries stipulate certain performance standards from plywood 
prepared in this way and in Great Britain these are contained in British 
=a ey ee Standard 1203. A detailed 

discussion of the methods 
Wiad”, Of itest. atipulaced. by this 


! 
! 
1in+0.01. ; : ; 

| Specification are given in 
' 


Chapter 9. It will be 
1in+0.01 i i 
BP righ . : sufficient here to describe 
two plies : briefly the type of test 
eS ET piece used. This 1S shown 
Fig. 83. Plywood Test Piece in Fig. 83 * 


These test pieces are prepared by first assembling a 3-ply panel from 
1/,_. beech veneer using the adhesive under test. This is later cut into 
strips of the size indicated; saw cuts are then made through two of the 
plies, the cuts being 1” apart and on opposite sides of the strip. 

When pulled to destruction in a standard testing machine both dry and 
after conditioning in water for varying times and at various temperatures, 
the test pieces must withstand specified loads. Table 19 gives details of the 
minimum loads which they must withstand if the adhesive used is to pass 
the various tests described in British Standard 1203-the mean of six 
individual tests being taken in each case. 


TABLE 19 


B.S. 1203 SPECIFIED MINIMUM MEAN FAILING LOADS 











Tested after immersion in water for 











Tested 7 = <== 
Dry 24hours | 3 hours 3 hours 6 hours 
at 15—20°C | at 70° C at 100° C at 100° C 
lb. lb. | lb. lb. lb. 


250 | 250 | 200 | 100 200 


| | why a 





Some of the first synthetic adhesives suggested for use in plywood 
manufacture were the phenol-formaldehyde types °°, °° and plywood bonded 
with these will on testing give mean results which are greater than or 


* The extracts from British Standards 1203 and 1204 given in Figs. 83, 84 and 85 have 
been reproduced by permission of the British Standards Institution, which retains all 
rights of publication and copyright. The Institution does not accept responsibility for 
the accuracy of the reproduction. Official copies of Britsh Standards may be obtained 
from the British Standards Institution, 24/28 Victoria Strect, London, S.W. 1. 
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equal to those specified in Table 19. It is however necessary when using 
these adhesives to press the plywood at temperatures of the order of 
140° C and when these resins were first introduced, few plywood manufac- 
turers were equipped with suitable multi-platen hot presses which are 
essential for this work. 

The most popular form of phenol-formaldehyde hot-setting adhesive 
for plywood manufacture is a thin porous paper sheet coated with the 
resin and dried §7. This dry paper film is interleaved with wood veneers 
and pressed at about 200 lb. per sq.in. at 140° C for about 4-5 minutes. 
Such a film is very suitable for many flat hot press operations, ensures 
uniform distribution of the adhesive at all the glue lines and gives plywood 
of exceptional water resistance. The high press temperature is necessary to 
ensure quick cure and adequate flow of the phenol-formaldehyde resin. The 
coated film technique tends therefore to be limited to some extent to the 
production of thin plywood. If it is used in making thick plywood, the time 
required in the hot press to ensure that the innermost plies are at 140° C 
may be sufficient to be detrimental to the surface plies. This difficulty can 
however be overcome by using the more recently developed dielectric 
heating processes. 

Liquid phenol-formaldehyde resins are also used for making plywood but 
at press temperatures of 140° C, become very fluid and tend to penetrate 
into the wood. When this occurs poor adhesion frequently results. Attempts 
have been made with some success to reduce penetration by adding to the 
phenol-formaldehyde resin, starch fillers which gelatinise quickly in the 
hot press and increase the viscosity of the hot glue/filler mixture. 

Phenol-formaldehyde resin bonded plywood is both weather and mould- 
resistant and consequently was used extensively in World War II in the 
manufacture of wooden aeroplanes, gliders and boats. As a material for 
outside constructional work, it is nowadays finding more and more extensive 
application. 

Urea-formaldehyde resins are also used in considerable tonnage as hot- 
setting plywood glues and have the advantage of low cost and of requiring 
press temperatures of only about 95° C, which temperature can usually 
be obtained in presses originally designed for use with hide or vegetable 
glues. The low press temperature required facilitates the preparation of 
thick plywood and reduces appreciably the chances of penetration. 

Plywood bonded with urea-formaldehyde resin has only relatively poor 
resistance to water at temperatures greater than 70° C. It will withstand 
prolonged immersion in water at ordinary temperatures or immersion in 
water at 70° C but in general will fall apart after immersion in water at 
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100° C for relatively short times. Many attempts have been made therefore 
to fortify urea-formaldehyde adhesives and so improve their resistance to 
hot water. This can be achieved to varying extents by the addition of 
resorcinol ®§, melamine ®° or melamine-formaldehyde resins. 

Tables 20 and 21 taken from a U.S. Forest Products Research Laboratory 
Bulletin 7° show the degree of boiling water resistance which can be imparted 
to urea-formaldehyde resins fortified with resorcinol and melamine resin 
respectively, when used for making birch plywood which is then tested 
in shear and in tension. 

It is stated that using additions of resorcinol the panels were pressed for 
4 minutes at 280° F and a pressure of 250 lb. per sq.in. When using additions 
of melamine resin, the panels were pressed for 8 minutes at 280° F. In both 
cases the pressing temperature is higher than that usually employed with 
urea-formaldehyde adhesives. 

Attempts made at Aero Research Limited to reproduce the results given 
in Table 20 but using a pressing temperature of only 95° C and beech 
veneers have not been entirely successful except when the pu of the 
resorcinol/urea-formaldehyde resin mixture was lowered considerably. 
It would appear that the added resorcinol is capable of combining readily 
with free formaldehyde in the urea-formaldehyde glue and possibly too 
with formaldehyde present as methylol groups to produce a urea/resorcinol 
co-polycondensate. This theory is supported by the fact that attempts to 
use simple mixtures of urea-formaldehyde and _resorcinol-formaldehyde 
resins to impart boiling water resistance are not successful even when 
relatively large amounts, say up to 20% by weight of resorcinol-formalde- 
hyde resin, are added. 

The addition of melamine, melamine salts ® or melamine-formaldehyde 
resin to urea-formaldehyde adhesive also improves its boiling water resi- 
stance. The maximum amount of fortifying which can take place is that 
which produces specimens which give 100% wood failure when tested. 
The addition of fortifying agent required to do this will clearly depend on 
the wood used. Consequently it is not possible to quote a definite percentage 
of fortifying agent as being that required in all cases to produce plywood 
which will pass the tests specified in B.S. 1203. 

There is evidence however 7 that increasing additions of melamine to 
urea-formaldehyde resin do not produce increasing resistance to boiling 
watér once an optimum amount has been exceeded and when relatively 
short pressing times (say 10 minutes) are given. It seems probable that when 
sufficient melamine has been added to combine with free formaldehyde or 
formaldehyde present as methylol groups in the urea-formaldehyde resin 
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then maximum fortifying effects result. Further additions of melamine are 
then equivalent to the addition of a soluble filler and may be detrimental. 
By increasing the pressing time or by alteration of the pH of the urea- 
formaldehyde resin/melamine mixture the optimum addition may be altered 
and fortifying effects greater than those obtained with short pressing times 
may be obtained. 

When urea-formaldehyde resin is fortified by continued and increasing 
additions of melamine resin, progressive increase in boiling water resistance 
occurs until, when the proportion of melamine-formaldehyde resin is 
preponderant, complete resistance to boiling water is obtained. At present 
melamine-formaldehyde resins are relatively expensive even after “extension” 
with fillers such as rye flour and consequently they are not widely used in 
the plywood industry except where their particular properties are required. 

When urea-formaldehyde resins were first used for making plywood, it 
was common practice to “extend” and cheapen them by adding relatively 
large quantities of fillers such as rye flour. Dilution of the resin in this way 
was found to produce little reduction in the dry strength of the plywood, 
although its wet strength deteriorated rapidly with increased flour addition. 

The introduction of new materials to an industry almost invariably 
introduces at the same time new problems and the use of synthetic resins 
for making plywood is no exception. The possibility of penetration of 
the resin into the wood has already been mentioned and this phenomenon 
is always likely to occur especially when bonding veneers of high moisture 
content. Dilution of the synthetic glue by moisture in the wood may result 
in the viscosity of the glue being lowered to such an extent that excessive 
penetration and joint starvation take place. In addition, moisture present 
in the glue line during setting may cause precipitation of the resin itself so 
that it hardens as separate particles, and not as a continuous film, causing 
appreciable reduction in joint strength. 

With hot-setting adhesives, the condition known as pre-curing may also 
arise, when the resin is partially cured before full contact between the 
surfaces is obtained. Pre-curing can result in complete lack of adhesion 
but more commonly produces small patches or blisters. To prevent this, 
rapid loading of the press is essential (although not always easy to achieve 
in practice) as the heat from the platens soon raises the temperature of the 
veneer to that at which the quick setting associated with synthetic resin 
adhesives commences. Blisters may also be formed, particularly when using 
high press temperatures, by too rapid release of pressure at the end of the 
curing cycle. This allows sudden conversion of hot water under pressure 
(and consequently below its boiling point) to steam, when the pressure is 
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released. If the steam cannot all escape quickly through the pores of the 
wood, it may, in places, force the veneers apart and cause blistering. It 
is essential therefore in these circumstances to reduce pressure slowly so 
that the rate of steam formation is reduced and the steam can then diffuse 
away harmlessly through the wood. 


B. Cold-Setting Adhesives. Cold-setting synthetic resin adhesives are designed 
for use in assembly gluing where it is difficult and sometimes impossible to 
apply heat and pressure to the parts being glued. For this purpose urea- 
formaldehyde, resorcinol-formaldehyde and to a lesser extent phenol- 
formaldehyde resins are employed—a catalyst or hardener being added to 
the adhesive before use. Much stronger catalysts are required than for 
hot-setting adhesives and consequently the pot life of the mixture of cold- 
setting resin and hardener may become inconveniently short. 

This difficulty can be overcome in urea-formaldehyde adhesives by 
applying the catalyst to one of the surfaces to be joined and the resin to 
the other so that interaction does not begin until the joint is closed ™ 7, 
This technique, conveniently described as “separate application” is less 
adaptable to cold-setting phenol-formaldehyde adhesives which may 
require catalysts of such a 


strength that their separate [ a0 ! 
application to wooden sur- Yain 
faces might be harmful. 

Thick films of urea-for- ae eee 
maldehyde adhesives tend to ai 
crack or craze and where bee 
there is-the possibility that | . te 

sin 
joints may be made without 
adequate pressure, fillers are 
added 74, 75 or special hardeners 7* are used. Fillers are also added to 


resorcinol-formaldehyde and phenol-formaldehyde resins in similar 
circumstances. 


Specific tests are contained 4 | 
for cold-setting adhesives in ¢ r | seein | 
B.S. 1204. Two types of joints 1 Vg in beech veneer ; Vig in wide 
are tested for shear strength; 
simple overlap close conact = 
joints to which pressure can be 0.050 in veneer ae _| Ye in veneer | 
applied, shown in Fig. 84, and 6 in 


»Zap joints” shown in Fig. 85; Fig. 85. Gap Test Piece 


Fig. 84. Close Contact Test Piece 
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beech wood being used in both cases (for further details of this test 


see Chapter 9). ea 
Table 22 gives the specified minimum failing loads for the joints when 


dry and after immersion in water at various temperatures. 


TABLE 22 . 
B.S. 1204 SPECIFIED MINIMUM MEAN FAILING LOADS 





Tested after immersion in water for 














Illustration Tested 
; 24 hours 3 hours 3 hours 
pea ese sue at 15—20°C | at 70°C bere 
Fig. 85 | 600 Ib. | 450 Ib. | 325 lb. 325 lb. 
Fig. 86 | 450 lb. | 400 Ib. | 225 Ib. 225 io3 
| 





Test pieces prepared from cold-setting urea-formaldehyde adhesives 
will certainly give failing loads greater than or equal to those specified in 
Table 22 when tested dry. Under these conditions failure of the wood 
rather than failure of the glue almost invariably occurs. Whether used as 
hot-setting or cold-setting materials, urea-formaldehyde resins will not 
withstand boiling water for an appreciable time and resorcinol-formaldehyde 
glues must be used if hot water-resistance is required in the assembly. 

Resorcinol-formaldehyd- resins combined with a hardener, consisting of 
paraform and a filler, will give both close contact and gap joints which can 
be immersed in boiling water for many hours and on testing still withstand 
loads greater than the minimum failing load specified in Table 22. Again 
failure of the wood adherends and not the glue, limits the maximum load 
which can be applied to such assemblies. 

Cold-setting synthetic adhesives are now widely used throughout the 
wood-working industries and in addition to replacing vegetable and hide 
glues to an appreciable extent, have also by virtue of their unique properties 
made possible many advances in the technique and art of assembly gluing. 


§ 4. THERMOPLASTIC RESIN ADHESIVES 


Thermoplastic adhesives are not as important industrially as the thermo- 
setting types. This is due mainly to (1) their tendency to ‘cold flow” when 
subjected to a static load for long periods, and (2) the relatively large 
decrease in the strength of the bond between adherends which occurs with 
increase in temperature and which results from softening of the adhesive. 
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The methods of preparation and the performance of only the more 
important members of this class will be discussed. 


(a) Preparation of Thermoplastic Resin Adhesives 
(i) Polyvinyl Resins 


Vinyl acetate is prepared by passing acetylene through glacial acetic acid 
containing a catalyst such as mercuric sulphate, phosphate or acetate. The 
temperature is maintained at about the boiling point of vinyl acetate (74° C) 
so that as fast as this compound is formed, it distils over. Any excess 
acetylene is re-circulated and allowed to react again. If the reaction temper- 
ature rises appreciably above 70° C, then ethylidene diacetate, formed by 
combination of vinyl acetate and acetic acid, tends to become the main 
reaction product. 
The two reactions can be represented thus: 


HC = CH + CH,COOH —--> CH,;COOCH=CH, 
CH,COOCH=CH, + CH;COOH —-> (CH,COO),CH.CH; 


fit is necessary to store the vinyl acetate, then a small amount of a copper 
or iron salt or a sulphur compound is frequently added to prevent polymeri- 
sation, and must be removed again before polymerisation is attempted. 

The highly purified monomer, mixed with a solvent is polymerised by 
maintaining it at its boiling point for a period of several hours. The solvent 
and any unpolymerised vinyl acetate can be removed by distillation or 
steam distillation and the polyvinyl acetate finally extruded and shredded. 

When used as an adhesive, polyvinyl acetate is often supplied as an 
aqueous emulsion or dispersion prepared by polymerising an emulsion 
of vinyl acetate in the presence of an organic peroxide. Stable dispersions 
can be prepared by polymerising in the presence of an emulsifying agent 
and a hydrophilic colloid ”’. 

The degree of polymerisation of polyvinyl acetate depends upon factors 
such as temperature, the nature and quantity of solvent and the catalyst 7°. 
In general, if the polymerisation is carried out at a high temperature, low 
molecular weight material is obtained. When vinyl acetate is polymerised 
in solution, lower molecular weight products are formed as the concen- 
tration of vinyl acetate in the solution increases. With small quantities of 
a catalyst such as acetyl peroxide, higher molecular weight products are 
obtained but as the concentration of catalyst increases so the molecular 
weight of the polymer tends to decrease. 

The molecular weight of the polyvinyl acetate also depends to an appreci- 
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able extent on the solvent used, when polymerisation is carried out in 
solution. BLAIKIE and Crozier 78 found that highest molecular weight 
compounds, (as measured by the viscosity of the solution) were obtained 
using benzene as solvent and the lowest using toluene—a surprising result 
considering the similarity of these two solvents. Compounds of intermediate 
molecular weight were obtained when solvents such as acetone, alcohol, 
acetic acid and ethyl acetate were used. 

Owing to wide variations in the degree of polymerisation, polyvinyl 
acetate sold under trade names frequently carries a suffix which denotes 
the viscosity in centipoises of a benzene solution of the material containing 
86 grams per litre. 

An ethylene derivative such as CH, = CXY (in the case of vinyl acetate 
X =: H and Y = CH,;COO-) can theoretically yield three types of linear 
polymer: 


(1) —CH,CX Y.CH,CX Y.CH,CX Y— (head to tail type) 
(2) —CH,CXY.YXCCH,CH,CXY.YXCCH,— (head to head type) 
(3) —CH,CXY.CH,CXY.YXCCH,.CH,CXY— (random or irregular type) 


and most ethenoid polymers appear to be of the “head to tail” variety. 
Polyvinyl acetate would, if ‘‘head to tail”, have a structure 


—CH,CH.COOCH;.CH,CH.COOCH,CH,CHCOOCH,— 


and polyvinyl alcohol to which it is hydrolysed (a reaction which can be 
readily carried out) a structure 


—CH,CH.CH,CH—CH,CH.CH,CH— 
| | | | 


OH OH OH OH 
in which any two consecutive hydroxyl groups would be in the position 


1:3 to each other (a 1:3 diol). A “head to head” structure would give 
polyvinyl alcohol with a structure 


—CH,CH.CH.CH,—CH,CH.CH.CH,— 
| 
OH OH OH OH 
in which any two consecutive hydroxyl groups would be in the 1:2 
Position to each other (a 1:2 diol). 


Periodic acid produces specific oxidative fission of 1:2 diols but was 


shown 7 to have no effect on polyvinyl alcohol, indicating a 1:3 diol 
structure, 
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X-ray examination has confirmed this ®° but later work on periodic 
acid oxidation has lead McLaren and Davis *! to deduce that there are 
a few “head to head” links on a predominantly “head to tail’ structure. It 
is extremely improbable that hydrolysis of polyvinyl acetate to polyvinyl 
alcohol could bring about alteration in structure and consequently the 
“head to tail” structure shown for polyvinyl alcohol can be assigned to 
polyvinyl acetate. 

Polyvinyl alcohol produced by hydrolysis of polyvinyl acetate will react 
with aldehydes in the presence of an acid catalyst to form polviny]l acetals. 
These compounds contain stable six membered rings formed by reaction 
between the aldehyde and the hydroxyl groups of the polyvinyl alcohol 
thus: 


| | 
CH, CH, 


| 

CHOH RCHO CH—O 
| | 

Chae CH HCR 


| | | 
CHOH CHO 
CH, 
| 


When fabricated into sheet form such materials are tough and rubbery. 
They have been developed primarily by Shawinigan Chemical Company 
Ltd. ; the materials obtained from polyvinyl alcohol, formaldehyde, acetalde- 
hyde and butyraldehyde being known as Formvars, Alvars and Butvars 
respectively. 


(ii) Acrylic Resins 


Early work on acrylic acid esters was carried out by Roum 82 as early as 
1901, but the methacrylate polymers have been available in sheet and 
powder form only since about 1937. 

In the preparation of acrylic compounds, ethylene is reacted with hypo- 
chlorous acid to form ethylene chlorhydrin which on treatment with 
sodium cyanide gives ethylene cyanohydrin. This compound is dehydrated 
to form acrylonitrile which in turn is hydrolysed to acrylic acid. If the 
dehydration of ethylene cyanohydrin (generally by sulphuric acid) is carried 
out in the presence of an alcohol, the acrylic ester corresponding to the 
alcohol present is formed. 
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CH, = CH, + HOCI—-> CH,OH.CH, cl “““ -> CH,OH.CH,CN 


| Dehydrate 





CH, = CH.COOR 
Hydrolysis | CH = CH + HCN 


CH, = CH.COOH 


Acrylonitrile is prepared more cheaply by reacting acetylene and 
hydrogen cyanide in the presence of a cuprous chloride catalyst ®. 

Methacrylic esters can be prepared by allowing acetone to react with 
hydrogen cyanide to form acetone cyanohydrin which on dehydration in 
the presence of an alcohol yields the corresponding methacrylate ester—the 
best known of which is methyl methacrylate. 


CH, CH, 
is Dehydrate in 
CO + HCN —> C(OH) CN—————————— CH, = C(CH,) Comm 
R os presence of alcohol 
CH, CH, ROH 


An alternative synthesis of acrylic and methacrylic compounds has been 
developed by Fisuer and his co-workers 8°, who found that acrylates can 
be obtained by acetylation and vapour phase pyrolysis at 450—500° C of 


a-hydroxy acids, nitriles, etc. Lactic acid esters can thus be converted to 
acrylic acid esters. 


acetylate : 
CH, CH(OH) COOCH, ——***_, CH, CH(O.COCH,) COOCH, PYOYSS _, 
CH, = C(CH3)COOR + CH;COOH. 


Methacrylic esters are obtained using acetone cyanohydrin as starting 
material. 


CHa CH, 0H CH, ,OCOCH, 

C(OH)CN —-> < acetylate C 

CH,” CH,” ‘COOR cH,” ‘coor 
pyrolysis 
“> CH, = C(CH,)COOR + CH,COOH. 

Using nickel carbonyl as a carrier for carbon monoxide, a German 

method of preparing acrylic acid and its esters froma 

during World War IT and appears to have g 
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mical method of synthesising these compounds. The reactions can be 
represented as follows: 
CH=CH + CO en —> CH,=CH.COOH 
Ni(CO), 
+ ROH 

Acrylic and methacrylic esters can be polymerised by acids, heat, ultra 
violet light and organic peroxides, the acrylic esters polymerising with 
greater ease. Special emulsion polymerisation techniques have also been 
worked out in an effort to produce the polymers in a finely dispersed 
condition. 

When methacrylic esters are polymerised by benzoyl peroxide the poly- 
merisation reaction is preceded by an induction period. The induction 
period and the time for 95% of the material to polymerise has been found *¢ 
to decrease with increasing concentration of catalyst and increasing temper- 
ature. 

When methyl methacrylate is polymerised in solution, the nature of the 
solvent influences to a considerable extent the degree of polymerisation 
obtained. SrrAIN ®* found that 50% aqueous methanol used as solvent 
gave much higher molecular weight material than any other solvent tested 
and in addition the polymerisation proceeded most rapidly under these 
conditions. 50% aqueous methanol is a solvent for the monomer, but 
not for the polymer, a condition which frequently appears to give rise to 
higher molecular weight polymers. 


> CH,=CH.COOR. 


(iii) Cellulose Esters 


In the search for useful cellulose derivatives, the cellulose esters of most 
commercially available acids have been prepared. As adhesives, cellulose 
nitrate (nitro-cellulose), cellulose acetate and to a lesser degree cellulose 
acetate-butyrate (a mixed ester prepared from cellulose and acetic/butyric 
acid mixtures) have attained industrial importance. 

Cellulose nitrate is prepared by the nitration of cellulose, usually in the 
form of cotton linters, with mixtures of sulphuric acid, nitric acid and water, 
the exact composition of the nitrating mixture depending on the nitrogen 
content and properties required in the nitrated product. 

The nitration is carried out at a carefully controlled temperature and 
when it has proceeded to the desired extent, the ester is centrifuged to 
remove excess acid and then washed with water until acid free. The water 
js then removed by repeated washing with alcohol, plasticizers, such as 
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camphor added and when solutions are required, the cellulose nitrate/ 
plasticizer mixture dissolved in a suitable solvent or a mixture of solvents. 

For some applications it is essential that the degree of polymerisation 
of the cellulose ester should vary between only quite narrow limits. This 
can often be achieved by careful choice of the cellulose used and by 
controlled thermal degradation of the ester before purification. In this way, 
for example, solutions of relatively high solids content but comparatively 
low viscosity such as are required for lacquers can be obtained. 

Cellulose acetates, can be prepared by treatment of cellulose from cotton 
linters or from selected paper pulps, with a mixture of acetic anhydride, 
acetic acid and sulphuric acid at temperatures of 20—40° C. 

The triacetate, which is eventually formed and which is soluble in 
the reaction mixture is unsuitable for many applications. However by 
addition of dilute acetic acid to the reaction mixture until 5-10% water 
is present, hydrolysis to the diacetate occurs. The diacetate can be precipi- 
tated by the addition of excess water, filtered, washed, stabilised and dried. 

There is some evidence that the sulphuric acid reacts initially with the 
cellulose to form cellulose sulphates which then react readily with acetic 
anhydride. As acetylation proceeds, gradual replacement of sulphate 
groups by acetyl groups occurs, giving compounds of increasing acetyl 
content until the triacetate (acetyl content 42.5-44.5%) is obtained. The 
final product must be obtained free from cellulose sulphates as these com- 
pounds tend to make cellulose acetate unstable. 

Mixed cellulose esters can be prepared using a mixture of the appropriate 
acid anhydrides. A mixed ester such as cellulose acetate-butyrate has the 
advantages over pure cellulose acetate of being soluble in a wider range of 
solvents, miscible with a wider range of plasticizers and of possessing 
better water resistance. 

That there should be many variations on the general methods of pre- 
paration of both cellulose nitrate and cellulose acetate is only to be expected 
and it is impossible to attempt to describe such variations here. Different 
methods of pre-treatment of the cotton linters both with a view to facili- 
tating acylation and where necessary preserving their fibrous structure and 


methods of heterogeneous acylation, are among the modifications which 
have been developed. 


(b) The Setting of Thermoplastic Resin Adhesives 


Three main methods of setting thermoplastic adhesives can be distinguished, 
namely: 
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(1) Solidification of the molten polymer. 

(2) Solidification of a solution of the polymer by evaporation or diffusion 

of solvent, generally at atmospheric temperature. 

(3) Solidification of a mixture of a catalysed monomer and polymer or 

of a partially polymerised monomer. 

The first method should be capable of giving excellent bonding even of 
non-porous adherends as in the process of fusion and subsequent solidifi- 
cation of the thermoplastic material no volatiles are evolved. Consequently 
stresses caused by the inability of volatiles to escape from between non- 
porous surfaces should be avoided. In addition it should be possible to 
obtain a bubble-free, strain-free bond which retains enough flow to 
compensate for temperature differentials and for differences in coefficients 
of thermal expansion between adhesive and adherend. 

Since thermoplastic adhesives such as polyvinyl acetate, cellulose 
nitrate, etc., are frequently supplied dissolved in a solvent, solidification 
takes place most commonly by solvent evaporation. 

Correct choice of solvent is important it as is desirable that the solution 
should have a fairly high solids content, so that an adequate amount of 
adhesive can be applied in a single coat and a fairly low viscosity so that it 
can be easily handled and spread. It is also important that the rate of 
evaporation of solvent should be high so that most of the solvent is lost 
when open assembly times are relatively short. These two factors tend to 
be antipathetic since it is probable that if a solvent is a sufficiently good 
one for a particular polymer to enable a solution of high solids content 
to be made, then the retention of relatively small amounts will be 
sufficient to maintain the polymer in partial solution and prevent true 
solidification. 

One of the most important problems associated with the use of thermo- 
plastic adhesives in solution with non-porous adherends is the evaporation 
of solvent from the film or glue line. The presence of unevaporated solvent 
ot volatiles will reduce appreciably the strength of the joint. The problem 
is particularly acute where large areas are being bonded in which case 
the area containing solvent is relatively large compared with the perimeter 
of the bond which is the only region from which solvent evaporation can 
take place, once the adherends have been united. It seems probable that in 
many such cases the bond depends largely on “edge sticking” for its strength. 
Clearly these difficulties do not arise if one of the adherends is porous and 
allows slow diffusion of solvent through the area being bonded. 

To reduce strains set up in a joint due to the presence of unevaporated 
solvent it is customary to air-dry adherends before assembly. There is 
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clearly an optimum time of air-drying for each adhesive. If this is exceeded, 
the adhesive loses its initial tack or in extreme cases forms a solid layer. 
Good adhesion can then only be obtained by heat welding techniques. If 
air-drying is not allowed 
Sheat strengtn to continue for a long 
velo enough period, then as 
already discussed, relati- 
vely weak bonds will be 
obtained. 
Fig. 86 shows the results 
8 obtained by DELMONTE 87 
who examined the shear 
strength of steel blocks 
bonded with polyviny] 
acetate solution, after dif- 
ferent open assembly times 
Vegas et 
It will be seen that im- 
mediate assembly results 
in low strength, maximum 


strength is obtained after 


Fig. 86. Polyvinyl Acetate Adhesive Applied from partial evaporation of 
Solvent. Shear Strength of Assembly Developed 
at Room Temperature % solventand that when open 


assembly times are too 
prolonged, the strength falls again. It is of interest to note that DELMONTE 
states that the results so obtained were low compared with those obtained 
by complete evaporation of solvent followed by heat sealing. 

A mathematical analysis of the stresses produced by the evaporation of 
solvent from a solution of an adhesive has been developed by Jones 
and Mastem §* in connection with work carried out on che performance 
of wire resistance strain gauges. 


Percent volatile loss 





5 10 15 20 25 30 
Time min. of open assembly 


The slow solidification at atmospheric temperature of a mixture of 
catalysed monomer and powdered polymer or of partially polymerised 
monomer is comparable to the fusion and subsequent solidification of the 
molten polymer. Equally it should be capable of giving rise to relatively 
strain free bonds provided that the contraction which frequently occurs 
in the conversion of liquid monomer to solid polymer is not too great or 
can be counteracted by the addition of fillers. This system approaches 
one of the ideals which can be postulated, of a liquid adhesive which is 
a “potential solid” and to which solid state it can be converted at atmospheric 
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TABLE 23 
SHEAR STRENGTH DATA FOR VARIOUS ADHESIVE-ADHEREND COMBINATIONS a 
Adherend Cellulose | Polyvinyl oa Casein |GUm, | Rub-| Neo- 
Adhesive | mittate | acetate | soon < arabic) ber | prene 
Stainless steel 
Shear strength (p.s.i.) 1580 2960 0 190 | 130 |270 | 90 
Standard error (p.s.i.) 29 44 29 16 18 4.5 
Coefficient of variation 6.2 52 55 30 ries es by 
(percent) 
Number of specimens 11 12 12 6 WG eae ht 
Aluminium alloy 
Shear strength (p.s.i.) 1360 3560 0 120 = {b330 =| 250 | 130 
Standard error (p.s.i.) 32 65 127 52 15 21 
Coefficient of variation 8.0 8.8 28 - |b 50 1B-sh Do 
(percent) 
Number of specimens 12 23 8 |b 10 ee ee 
l 
Paper-phenolic laminate 
Shear strength (p.s.i.) 41680 2480 | ce1370 | 1030 | 440 {130 | 250 
Standard error (p.s.i.) 31 93 28 30 24 5.5| 6 
Coefficient of variation 6.4 12 6.8 10 18 the) 8.2 
(percent) 
Number of specimens 12 10 11 12 11 iz’). 42 
Glass 
Shear strength (p.s.i.) dcf1680 | edf2310 0 29 | 210 | 43 | 100 
Standard error (p.s.i.) 42 110 6 LT oon 
Coefficient of variation Me 11 <b 10 28 | 48 
(percent) 
Number of specimens 14 6 8 9 ig + ii 
Birch wood 
Shear strength (p.s.i.) ©1390 1990 | ce1940 | ce1660 | 630 |160 | 180 
Standard error (p.s.i.) 39 66 |. 46 55 24 12 4.6 
Coefficient of variation 9.3 10 57 11 13 26 8.9 
(percent) 
Number of specimens 11 10 17 12 11 12.4 22 





Hard rubber 
Shear strength (p.s.i.) cd1000 ce 630 | ce 590 150 | 240 |190 | 230 

















Standard error (p.s.i.) 18 44 61 9.6| 13 7 8.9 

Coefficient of variation 6.3 22 23 21 18 je 
(percent) 

Number of specimens 12°] 10 5 | 12 12 12 | 12 








a A double-lap tensile-type specimen with an overlap of 1 inch was used unless otherwise 
stated. b» Specimens dried for 20 days instead of 7 days gave the following results: 
shear strength (p.s.i.), 530; standard error (p.s.i.), 68; coefficient of variation (percent), 
43; and number of specimens, 11. ¢ Specimens failed partly in adherend. 4d Overlap 
0.4 inch or less. ¢ Overlap 0.5 inch. f Compression shear. 
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TABLE 24 
TENSILE-ADHESION STRENGTH DATA FOR VARIOUS ADHESIVE-ADHEREND COMBINATIONS a 
7 ae Cellu- | Poly- | Resor- Rub-| Nea 
eauerene lose vinyl cinol | Casein sere =a + nie 
eee Adhesive | nitrate | acetate | resin 
Stainless steel fe | | | | 
zi CeErE ee 2180 3600 | 0 aay | ae ree | a 
Standard error (p.s.i.) 66 72 
Coefficient of variation 10 10 21 i? 23 16 
(percent) 
Number of specimens 12 25 25 12 1 12 : 
Aluminium alloy ; | | | 
Tensile adhesion strengt . 
eae age : 1500 3270 | 0 | 110 110 | 390; 290 
Standard error (p.s.i.) 100 59 9.5 z 26 9 
Coefficient of variation yx) 9 30 18 23 10 
(percent) 
Number of specimens 12 25 17 12 _ 12 12 
Paper-phenolic laminate | | 
Tensile adhesion strength 
(p.s.i. be 860 | be 1060 | b 830 |b 690 | 630! 160! 170 
Standard error (p.s.i.) 110 75 52 37 | 42 15 9 
Coefficient of variation 40 23 19 18 21 31 17 
(percent) 
Number of specimens 10 | 10 9 11 10 10 12 
Glass 
Tensile adhesion strength | 
(p.s.i.) be 1040 | be 2430 0 0 260 34 90 
Standard error (p.s.i.) 230 170 17 “! 12 
Coefficient of variation 60 16 21 47 46 
(percent) 
Number of specimens Yj 5 13 6 10 10 11 








Birch wood 
Tensile adhesion strength 





p.s.i. bd1100 | bd 960 | bd1180 | »41020 | 4400 4170 | 4340 

Standard error (p.s.i.) 66 39 42 16 15 45 13 

Coefficient of variation 19 14 14 Joap eale 26 12 
(percent) 3 

Number of specimens 10 12 16 8 9 9 10 





Hard Rubber | 





Tensile adhesion strength 
(p.s.i. c 590 400 | »1340 130 320 | 130] 240 
Standard error (p.s.i.) 50 26 50 4 32 18 7 
Coefficient of variation 27 20 12 11 31 44; 12 
(percent) 
Number of specimens 10 | 9 10 10 10 | 10 18 




















2 A specimen with a contact area of 1 square inch was used unless otherwise stated. 


b Specimens failed partly in adhesion. c Contact area 0.25 square inch. 4 Contact 
area 0.5 square inch. 
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temperatures, with minimum contraction during solidification and with 
the evolution of no volatile material. 


(c) Performance and Applications of Thermoplastic Adhesives 


As solutions in suitable organic solvents, thermoplastic adhesives are 
commonly used for sticking together, wood, leather, porcelain, glass, etc., 
and the literature is replete with a wide variety of formulations for solutions 
of this kind. These mixtures have the advantages of setting cold, under | 
essentially neutral conditions, and unlike the thermosetting materials of 
being able to be used without specialised equipment. 

The use of thermoplastic adhesives in highly stressed structures ts 
relatively uncommon particularly as they have been found to fail at relatively 
light loads when long time-load tests have been carried out. Consequently 
their performances under standard and specified conditions are much less 
frequently examined than those of the thermosetting types. 

Comparative figures for double lap shear strengths (see Chapter 9) of 
various adhesive-adherend combinations are given in Table 23 %*. All the 
adhesives were applied in liquid or solution form and the surfaces of 
the adherends given an appropriate pre-treatment before coating and 
assembly. 

It will be seen that in all cases examined, the two thermoplastic adhesives 
gave excellent comparative results. It must be added however that com- 
parative long time-load tests showed the superiority of the thermosetting 
adhesive over the thermoplastic for supporting structural loads. The authors. 
state that “the resorcinol resin showed no appreciable flow on supporting 
a load of 680 p.s.i. for 6 months without failure, whereas the polyvinyl 
acetate failed in 45 days under a load of 200 p.s.i.” 

Results obtained by the same authors for tensile strength are shown 
in Table 24. 

Heat sealing of containers with polyvinyl acetate has been described by 
Rosrnson who used mixtures of polyvinyl acetate and dammar gum, or 
polyvinyl acetate and pentaerythrityl abietate . %. The constituents were 
melted together and applied at 150—230° F to the container material. On 
solidification a seal was obtained which did not open up when the container 
was subsequently dipped in hot paraffin wax. Another mixture used for 
the same purpose consisted of 60% polyvinyl acetate and 40% pinewood 
pitch %. 

Polymethyl methacrylate sheet lends itself admirably to fabrication by 
heat welding techniques. DeLMonTE ® claims that sheets bonded in this 
way have strength values approximately those of the original sheet and 
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that in addition the weld remains clear. He recommends a specific technique 
in which the surfaces to be welded are first heated until some localised 
decomposition occurs. The parts are then pressed together so that any 
excess molten material is squeezed out at the glue line, and can be removed 
by sanding after it has cooled and solidified. 

The technique of using catalysed monomer or partially polymerised 
monomer for bonding the appropriate polymer has been successfully applied 
to vinyl and methacrylate resins. Monomeric methacrylic acid * or the 
monomer of methyl methacrylate containing 0.01-1% benzoin as catalyst 
have been suggested % for cementing polymethyl methacrylate sheets. 
Wood, metal and other non-porous adhesives have been bonded by applying 
partially polymerised polyvinyl acetate and allowing the polymerisation to 
be completed in situ %. 

Most types of thermoplastic adhesives in sheet form have been tested for 
suitability as the interlayer in laminated or safety glass. Originally celluloid 
was used but was found to discolour on prolonged exposure to sunlight, 
and was later replaced by cellulose acetate, plasticized by dibutyl phthlate. 
The use of either of these materials necessitates sealing the edges of the 
glass laminate with bitumen, to prevent the ingress of moisture and the 
risk of de-lamination. For sticking the interlayer to the glass, adhesives based 
on vinyl resins, acrylic resins and cellulose esters have all been used both 
alone and in various combinations. 

These materials have now been replaced almost entirely by polyvinyl 
butyral sheet compounded with 20-30% plasticizer. The use of a vinyl 
type interlayer has the advantage of not becoming brittle at temperatures 
as low as —40° F and of retaining its tensile strength at temperatures up 
to 120° F. Using equivalent thicknesses it gives a glass about five times 
stronger than when cellulose acetate is used. No separate adhesive is required 
to cement the interlayer to the glass and most important from a manufac- 
turing point of view—no edge sealing is necessary. 

Large quantities of cellulose nitrate adhesives are being used in the shoe 
industry, particularly in U.S.A., for cementing the soles to the uppers. The 
process has been described by EssELEN % and entirely eliminates nailing 
or sewing when the sole is attached. A measured quantity of the adhesive 
is applied to the sole and the bottom of the upper and allowed to dry. 
When the two parts are ready to be combined, the dry cement is moistened 
again with solvent and the parts brought into contact. Using specially 
prepared quick-setting cellulose nitrate adhesives, the sole and the upper 
need only be maintained in contact for less than 1 minute for satisfactory 
adhesion to occur. 
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It has been estimated % that in 1932 about 26} million pairs of shoes 
were cemented in this way, requiring 100,000 gallons of nitro-cellulose 
cement and that by 1941 the number had increased to 61 million pairs—a 
striking example of how the success of an adhesive increases the demand. 
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5D. ASPHALTIC BITUMEN 


Dr R. N. J. Saar 
Koninklijke|Shell-Laboratorium, Amsterdam (Netherlands) 


§ 1. INTRODUCTION 
(a) Definition 


Asphaltic bitumen is generally a dark substance, consisting mainly of 
carbon and hydrogen and, further, of relatively small amounts of sulphur, 
oxygen, nitrogen, etc. It is a thermoplastic material; at ambient temperatures 
it is highly viscous to almost solid; by heating it to high temperatures it 
can be reduced to a low viscous condition. It is completely soluble in 
carbon disulphide. 

By far the largest amount of the bitumen produced is obtained from 
crude mineral oils, from which the more volatile fractions (petroleum 
spirit, kerosine, lubricating oil) have been removed by distillation or 
extraction. In a number of cases chemical processes are used, particularly 
oxidation (blowing), to influence the properties of the final product. 

Sometimes native asphaltic bitumens are used, in which case the natural 
consistency of the mineral product obviates the necessity of hardening by 
artificial means. They are often found associated with inorganic materials 
{native asphalts). 

There is no great difference between processed and native bitumens and 
in the following pages no distinction will be made between these two types. 

Apart from pure asphaltic bitumens, bituminous adhesives are sometimes 
made by compounding asphaltic bitumen with inorganic fillers or with 
organic materials like rubber, sulphurized or blown vegetable oils, etc. 

There are a large number of allied substances, like coal tar pitch and 
other pitches, which likewise serve as adhesives. Generally speaking, their 
behaviour is subservient to the same laws which govern that of asphaltic 
bitumen, but, for the sake of brevity, this Chapter will deal mainly with 
asphaltic bitumen and only an occasional reference will be made to these 
other substances. For further information the reader is referred to 
ABRAHAM’s handbook, Asphalt and Allied Substances}. 
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(b) Composition and Structure of Asphaltic Bitumen 


Both the composition and the structure of asphaltic bitumen are of a 
complicated nature. As it is outside the scope of this book to deal with 
this subject in detail, only its main outlines will now be considered. 

Asphaltic bitumen, being a residual fraction of crude mineral oil, consists 
of a mixture of substances of relatively high molecular weight. Apart from 
small amounts of sulphur, oxygen and nitrogen, the material consists of 
carbon and hydrogen. These two elements are present in the form of 
aliphatic, naphthenic and aromatic groups; most of the molecules of the 
material contain more than one of these basic groups. 

This complexity of the material means that bitumen cannot be broken 
down into its simple constituents. All existing methods of separation only 
produce fractions in which components are more or less concentrated 
according to a certain property. The study of the properties of such 
fractions has nonetheless provided a background from which a picture can 
be built up of the relation between the structure and composition of 
asphaltic bitumen. 

Two main factors have to be considered: molecular size and degree of 
aromaticity. 

Separation according to molecular size can be effected by dilution of the 
bitumen with an excess of low-boiling saturated hydrocarbons, ethers etc. 
Under these circumstances the bitumen is separated into a soluble oily 
fraction (maltenes) and an insoluble solid fraction (asphaltenes). The 
quantity and nature of these components vary with the conditions of 
precipitation. 

The maltenes consist of hydrocarbons of an average molecular weight 
of, ¢.g., 0.5—1- 10°, the asphaltenes of hydrocarbons of much higher 
molecular weight. In the latter case, the results of different techniques 
employed for determination differ considerably; values of 5—100 - 10% may, 
however, be taken as the order of magnitude. This high value concords 
with the rheological character of bitumens, which character is typical of 
a colloidal system. 

The quantity of asphaltenes obtained from bitumens of different origin 
or made by different methods of production, varies considerably; some 
bitumens contain only negligible quantities of asphaltenes ; in most bitumens 
the amount ranges from 10-35%; for some very hard bitumens this figure 
is 50% and even higher. 

The simplest way of expressing the degree of aromaticity is by means of 
the carbon-hydrogen ratio (C/H ratio). This ratio is lower for maltenes 
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than for asphaltenes from the same bitumen. Maltenes show atomic C/H 
ratios varying between about 0.6—0.9, asphaltenes in most cases between 
0.8—1.2, depending upon the origin and the method of production of the 
bitumen. 

The solubility of asphaltenes in maltenes depends primarily upon the 
difference in their C/H ratios. Qualitatively, it can be said that there is 
complete solubility when this difference is small; systems of a sol character 
exist under this condition. Conversely, solubility is slight when the differ- 
ence in C/H ratio is substantial. In between these extremes, asphaltenes 
with a C/H ratio of 0.8—-1.0 produce systems having the character of a gel. 

This gel character follows from the rheological properties to be discussed 
further on and from the fact that an oil phase may be extracted from this 
type of bitumen by porous materials with which it is in close contact. 

Sol-type bitumens do not exhibit this extraction; they can only bleed 
integrally into porous materials at high temperatures. 

Further study shows that adsorption equilibria exist in asphaltic bitumens 
between asphaltenes and maltene fractions; it has been shown that at ambient 
temperatures the micellar phase consists of the asphaltenes and part of the 
maltenes. 

For a fuller description of the structure and properties of asphaltic 
bitumen the reader is referred to PFEIFFER, The Properties of Asphaltic 
Bitumen, with Reference to its Technical Applications *. In this book particulars 
are also given of the properties and applications of bitumen which may 
supplement the information given in the following pages. 


(c) Asphaltic Bitumen as an Adhesive 


Asphaltic bitumen finds widespread use as an adhesive, Examples are its 
various applications in the paper and timber industries, its use in road 
construction, where stone or sand is bound into a coherent mass, and its 
use for similar reasons in coal briquetting. 

The use of asphaltic bitumen as an adhesive is primarily in virtue of its 
adhesive and mechanical properties, and also in most cases on account of 
properties such as its almost negligible permeability to water and its 
indifference to most chemicals. Further, its low price as compared with 
most other adhesives is often a decisive factor in favour of its application. 

Generally speaking, given the right conditions (clean and dry surface 
of the substratum, low initial viscosity of the adhesive), asphaltic bitumen 
adheres well to other substances. 

Mechanical properties are of significance in two respects. So that it can 
be applied to the substratum, the product must be of low viscosity; this 
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can be obtained either by heating (“melting”) the bitumen, by dissolving 
it in volatile solvents of low viscosity or by emulsifying it in water. The 
circumstances under which adhesives are expected to do their ultimate job 
are not always the same and may necessitate adapting the hardness and 
elasticity of the bitumen to the specific requirements of the case. This can 
be effected within wide limits. The ultimate choice of the kind of bitumen 
most suitable for a given application depends upon the mechanical properties 
desired. 

Water permeability is not a factor calling for extensive eonsideration 
in connection with the use of bitumen as an adhesive. It need only be said 
that the permeability to water of asphaltic bitumens is low 3 (D = about 
10-§ g/cm, mm Hg, h), most other materials showing appreciably higher 
values 4. 

As regards resistance to chemicals, the main thing is that bitumen used 
as an adhesive should be resistant to oxidation. This oxidation of bitumen 
may cause some hardening and once again the prevailing conditions during 
both processing and ultimate use have to be considered. Hardening during 
processing can easily be compensated for by the use of a correspondingly 
softer bitumen; hardening during ultimate use is generally within acceptable 
limits. 

Owing to its inert chemical character, bitumen has no chemical effect upon 
the substratum. 


(d) Characterisation of Bitumens 


The normal characterisation of bitumens by means of a routine analysis 
is mainly of a rheological nature, supplemented by some figures relating 
to composition. 

In the following pages bitumens will be mainly described by two points 
of their viscosity (consistency)—temperature curve. This viscosity—temper- 
ature relationship shows little —if any — dependence upon the thermal history 
of the material. The two points referred to are the Ring and Ball softening 
point and the penetration at 25° C. 

The Ring and Ball softening point § is determined by gradually heating 
in a liquid bath a ring filled with the bitumen and loaded by a ball and 
recording the temperature at which the bitumen has sagged a certain 
distance. It has been found that at this temperature the viscosity is about 
1-2 - 10* poises ?. It may be said that the Ring and Ball softening point 
represents the equiviscous temperature for this viscosity. 

The penetration * is determined by means of a loaded needle, which 
penetrates into the bitumen for a fixed time at constant temperature (here 
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25° C). Comparison of penetration measurements with determinations of 
the absolute viscosity and the elasticity of bitumens has given a reliable basis 
for the interpretation of the results of this test ?. 

Both determinations have been accurately standardised. 


§ 2. PROPERTIES OF ASPHALTIC BITUMEN 
(a) Adhesion 


It was shown in Chapter 2, dealing with adhesion generally, that our 
fundamental understanding of this phenomenon is still limited, particularly 
where the more complicated materials are concerned. Correlations may 
exist in a number of cases between properties like the VAN DER WAALS 
constant, the dipole moment, the parachor, the energy density, the dielectric 
constant, on the one hand, and phenomenological constants of adhesion, 
on the other, but a quantitative relation is still far from having been 
established. 

The discussion of the adhesive aspects of asphaltic bitumen in this 
Chapter, therefore, can scarcely be otherwise than mainly from a phenomeno- 
logical angle, because our knowledge of the composition pertains to its 
average composition, or that of important parts of it, rather than to the 
presence of special groups of atoms, like those of a strong dipole nature, 
which may have a distinct influence upon the phenomena of adhesion. 

The adhesion of asphaltic bitumen to other materials will now be 
dicussed in the light of our present knowledge with reference to: 

(i) The surface tension of the bitumen. 
(ii) The contact angle, or the adhesion tension, with respect to the sub- 
stratum. 

Some additional facts respecting the practical side of adhesion will be 
given in § 3 of this Chapter. 

When bitumen used as an adhesive is in the presence of water, which 
it sometimes is, allowance has to be made for the interfacial tension between 


it and water, as also for the contact angle in the bitumen-water-substratum 
system.. 


(i) Surface Tension 


The surface tension of asphaltic bitumen depends little upon its hardness 


or type; at a rough approximation, the following formula? expresses its 
relation to temperature: 


yitG = 50 — 0.056 T erg/sq.cm (1) 
in which T is the temperature in °K. 
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This low value of the surface tension implies that the addition of other 
substances to bitumen will seldom change its surface tension appreciably. 

The interfacial tension of bitumen against water is much more dependent 
upon its composition. Commercial bitumens mostly show values of 25—40 
erg/sq.cm ” *, but the addition of substances possessing capillary activity may 
reduce the interfacial tension to 5 erg/sq.cm or less 9. 


(ii) Contact Angle 


In the absence of water, the contact angle of bitumen upon virtually every 
substratum is small. The receding contact angle is usually 0°; the advancing 
contact angle may vary from 0° to e.g. 45°. The mechanical forces applied 
during processing (coating, mixing) to overcome the viscous resistance of 
the adhesive are sufficient to obtain easily a complete covering of the 
substratum by the bitumen. 

In the presence of water, the contact angle of bitumen may be higher. 
The effect in actual practice is mainly manifested if the viscosity of the 
bitumen is low. 

The receding contact angle largely depends on the nature of the sub- 
stratum; on metals it is generally small; it may be large on stone material, 
especially if bituminous products of low viscosity are used and water has 
access to them shortly after processing. Under these circumstances, values 
may be recorded of 90°, and even higher, for the bitumen-water-stone 
system. 

This stripping is less marked from stones of an alkaline character than 
from acidic materials, one of the reasons probably being the presence of 
high molecular weight acids in the bitumen. The receding contact angle in 
this initial period of contact between bitumen and stone in the presence of 
water can be considerably reduced by the addition of suitable capillary- 
active substances to the bitumen e.g. of high molecular amines in the case 
of acid stones or by chemical treatment of the surface of the stone, e.g. by 
iron salts. 

After somewhat longer contact between the bitumen and the substratum, 
the receding contact angle in the presence of water is usually small enough 
to be considered negligible. 

The advancing contact angle of bitumen over wet surfaces is often large. 
In these cases it is impossible to coat a wet surface with pure bitumen 
adequately and it has been necessary to devise special processes for the 
purpose, in which capillary-active substances again play an important part. 
Materials similar in character to bitumen are less troublesome to coat with 
pure bitumen in the presence of water (coal briquetting). 
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A substratum can be reliably wetted by bitumen in the presence of water 
by using bitumen emulsions. In this case the bitumen can adhere during 
the coagulation process, initiated by evaporation of the water or by the 
action of coagulating ions. 


(b) Rheology 


We saw in Chapter 3 that there are three periods in the use of adhesives, 
the rheology of the adhesive playing a different part during the application, 
hardening and final use of the adhesive. 
~The following will therefore be considered individually. 
(i) The rheology during the application of the adhesive, that is before 
hardening. 
(ii) The rheology during hardening; in this phase the surfaces are joined. 
(iii) The rheology of the hardened layers. 


(i) Rheology before Hardening 


The low viscosity necessary for processing adhesives can be obtained with 
bitumen in three different ways: 

(1) By heating (“‘melting”’). 

(2) By dissolving in solvents of low viscosity and suitable volatility. 

(3) By dispersing in water. 

(1) When heated, bitumens, being thermoplastic materials, gradually soften 
from a semi-solid to a fluid state; within the limits of their thermal stability 
the range of viscosities desired for processing can always be reached. 

In the range of processing temperatures the dependence of viscosity on 
temperature can be described by WALTHER’s formula 29: 

loglog(y + 0.8) = —mlog T+ C (2) 
in which y = kinematic viscosity in cS and TJ = temperature in °K. 

The values of the constants m and C and, therefore, the temperature at 
which a certain viscosity is reached, depend upon the hardness (penetration) 
and the composition of the material. 

Examples of viscosities of bitumens are given in Table 25. The viscosity 
data are here expressed as equiviscous temperatures. 

The viscosity needed when applying the fluid adhesive varies with the 
type of application. The order of magnitude of this viscosity amounts to 
10-108 cS for brushing, spraying, or dipping, and 103—-10* cS for spreading 
by means of an application roller and doctor knife. To obtain satisfactory 
contact, the bitumen must penetrate to some extent into pores etc. of the 
substratum, but this penetration must be within certain limits, especially in 
cases where the substratum consists of thin sheets like paper. 
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TABLE 25 
EQUIVISCOUS TEMPERATURES OF VARIOUS BITUMENS 
Hitter Temperature in °C at which the viscosity 
of the bitumen amounts to: 
R & B soft. : 
Rec | Penetration/25° C | 10?cS_ | 10%cS | 10%cS | 105 cS 
Borneo bitumens | 
384 | 145 117 88 68 54 
544 14 137 105 83 68 
Venezuelan bitumens 
Normal residual grades 
33 350 144 99 70 49 
39 190 154 107 77 56 
46 90 167 117 87 65 
55 45 179 129 97 76 
62 25 191 140 107 88 
70 15 198 150 118 97 
Hard residual grades 
85 10 224 166 128 101 
115 4 267 204 164 135 
125 3 287 224 185 156 
Blown grades 
85 40 220 168 134 109 
85 25 225 173 139 115 
115 15 258 208 175 151 











(2) Any viscosity desired for cold processing can be reached by dissolving 
bitumens in volatile solvents of low viscosity. Normally petroleum distillates 
are used; the order of magnitude of the concentrations is 50% by volume. 

Intermediate degrees of dilution, with corresponding temperatures of 
heating, are also employed (cutbacks). 

(3) In the case of bituminous emulsions there are two types to be considered 
viz., soap emulsions and clay emulsions. 

In the first case soaps are used as the emulsifier and the emulsions show 
virtually Newtonian flow for concentrations up to about 60% by vol. of 
bitumen, with viscosities up to about 10? cS. 

In the second case clay is used as the emulsifier in amounts of, ¢.g., 
circa 4% by wt. (1.5% by vol.) relative to the bitumen; the bitumen con- 
centration of such emulsions is also up to about 60% by vol. The rheological 
nature of these emulsions is quite different from that of soap emulsions. 
They possess a marked yield stress and are thixotropic and can theretore 
be applied in thick layers on vertical walls, e.g. as an adhesive for tiles. 
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(ii) Rheology during Hardening 


The changes in the viscosity after application of the layer of the bituminous 
adhesive will also be discussed for the three different ways of processing. 
(1) After hot application the bitumen will gradually cool down and increase 
in viscosity. 

The adherends are joined during this period. The viscosity at this moment 
varies in different applications: ¢.g., the viscosity during compaction of 
bitumen-coated aggregates amounts to 103—10® cS. 

After the adherends have been joined, no undue deformation should 
occur in the final object. The viscosity at which the object becomes rigid 
enough will depend upon the stresses brought to bear upon the bitumen 
layer or the bitumen joint and upon the time. The Ring and Ball softening 
point of the bitumen, at which the viscosity is about 10® cS. 4, may often 
approximate this condition. 

There will be some shrinkage while the material is cooling; for all 
bitumens a value of 0.00061 per °C can be taken as the cubic coefficient of 
expansion }*. 

(2) Solutions of asphaltic bitumen will increase in viscosity by loss of solvent. 
No general simple formula can be given for the relationship between 
viscosity and concentration. For concentrations up to 80% by vol. of bitumen 


the formula 
nn = (44) (3) 
1—<c 


applies, in which 7, is the viscosity ratio, ¢ the concentration and a 
constant, depending on the type of solvent and bitumen. 

The shrinkage in this case is equal to the volume concentration of the 
solvent. 
(3) The viscosity characteristics of emulsions during coagulation are not 
simple. There will be a rather sudden increase in viscosity at the moment 
when coagulation has progressed to the point where a continuous bitumen 
film begins to be formed. 

Shrinkage will again be equal to the volume concentration of the water. 

Both solutions and emulsions of asphaltic bitumen can only be applied 
as an adhesive if the diluting agent can be eradicated by absorption in pores 
or diffusion through voids of the adherends. 


(iii) Rheology of the Hardened Layers 


After complete hardening, little difference exists between layers formed by 
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hot or by cold application, except when clay emulsions have been used 
(see p. 257). 

Whereas in the heated or dissolved state bitumens behave nearly enough 
like a Newtonian material, only a limited group of undiluted bitumens do 
so at normal temperatures. Depending upon the composition, elastic and 
thixotropic effects generally accompany permanent deformation 1%. 

In this section we shall only discuss deformations of a completely or 
partly permanent type (viscous or visco-elastic deformations). Completely 
elastic deformations will be discussed in the next section. * 

In relation to the viscous or visco-elastic type of deformation bitumens 
are usually divided into three groups. 

The first group comprises bitumens that behave entirely, or almost 
entirely like Newtonian liquids. The rate of deformation is proportional 
to the stress applied. Elastic effects are negligible, thixotropy is absent. 

The second group comprises bitumens exhibiting distinct elastic effects 
which strongly influence their performance in many applications. After the 
initial stage of deformation, the rate of deformation of these bitumens is 
virtually proportional to the stress. Thixotropic effects are negligible. 

The third group comprises bitumens which show almost complete 
elastic resilience after relatively slight deformation (shear < 0.1—1, depend- 
ing upon stress and time.) With greater deformation the elastic resilience 
is no longer complete. The rate of permanent deformation increases more 
than proportionately with the stress. The elastic effects are greater than in 
the second group and thixotropy is considerable. 

This third group is formed by the gel-type bitumens mentioned in 
Section 1, (b) of this Chapter, whereas sol-type bitumens make up the first 
and second groups. Bitumens free from asphaltenes always belong to the 
first group. 

Bitumens of the third group are in most cases manufactured by a 
chemical process, i.e. by oxidation, whereas the bitumens of the two other 
groups are mostly prepared by some form of distillation (or sometimes by 
an extraction process), if necessary accompanied by a degree of blowing 
(semi-blown bitumens). 

For a given Ring and Ball softening point the penetration at 25° C of 
bitumens of the third group is highest and that of the first group lowest. 
This is mainly due to the influence of the elastic effects on the penetration 
determination ™*. 

Each group contains bitumens of various hardnesses. The examples 
given in Table 25 comprise representatives of these thtee groups and it 
can be seen that variations occur in Ring and Ball softening points over a 
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range of about 100° C and in penetrations at 25° C by a factor of about 100. 
These three groups of bitumen will now be discussed separately in 
somewhat greater detail. A number of examples will be given of products 
from origins in different parts of the world, so that the picture will represent 
a survey of a wider range of products than normally commercially available 
in any particular country. 
(1) Bitumens of the first group, being to all intents and purposes Newtonian 
in character, call for no special comment. Table 26 lists some facts relating 
to rheological properties as a function of temperature for a number of 
origins. The low resilience mentioned in a number of cases is independent 


of temperature. 
TABLE 26 


RHEOLOGICAL PROPERTIES OF BITUMENS OF THE FIRST GROUP 

















i ity i i Resilience in em/cm 
Process |R&B Viscosity in poises at | 























f, |Pen/ after prolonged load- 

Origin | 44, so ene| 25°] 0° C|15°C| 25°C | 40°C | ing with a shearing 

gil Ateera wae stress (dn/cm?*) of: 

facture Cc Sa 

| 10? | 10 | 104 | 108 

Borneo dist. 47 | 47 | 1014)1.5°1084 +1086 -104) 0.00 | 0.00 | 0.00 | 0.00 

Java dist. and 

, blowing 49 | 44 |2:102%7 -107/3 -108/8 -10*) 0.001) 0.01 | 0.05 | 0.09 

California | dist. 48 | 54) 105 -107/2 -108/7 -104) 0.00 | 0.00 | 0.00 | 0.00 
California | moderate- 19) | 

ly cracked | 85 |50°C) — — |8 103 -108} — |0.01 | 0.02 /0.10 

Highly cracked material | 51 | 36 | — |3 :108/1.5:107/1.3°105 0001 0.0 0.02 | 0.03 








Viscosities above 10® poises obtained by extrapolation. 


The viscosities at ambient temperature of bitumens of this type can again 
be represented as a function of temperature by WALTHER’s formula (2), 
given on p. 256 15, 

The relation between penetration and viscosity at the same temperature 
for this type of bitumens has been found to be: 


1.58 . 102° 
(do egpaeny BT (4) 


pen 


(viscosity in poises, pen. in 0.1 mm at 100 g load and 5 sec penetration 
time) 15, 

Pitches, e.g. coal tar pitch, often show a close resemblance to bitumens 
of the first group. 

The above details provide all the information required to calculate rates 
of deformation under prolonged loading when bitumens of this type 
ate applied as adhesives, if the stress distribution in the joints is known 
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(2) Bitumens of the second group show both permanent deformation 
and distinct elastic effects under any stress applied for a given length of 
time. 

The elastic effects consist of a fore-effect, #.e. a relatively high initial rate 
of deformation, and an after-effect, which consists either in resilience or in 
a gradual relaxation of stress °. 

These properties can be represented qualitatively by a model system 
(Fig. 87) consisting of a Vorcr element and a viscous element in series 1°. 

Experimentally, the quantitative relationship of 
deformation to time for slight deformation under 
constant stress is found to be: 


y= ae + tat" (5) 
in which 
I; y = deformation (shear) 
t = shearing stress 
n = viscosity of bitumen (practically constant) 
n is a constant amounting to about 0.50; a 
bepends upon the temperature '’. 
AP This equation can be obtained for a model 
system by replacing the Vorcr element in Fig. 87 
by an infinite series of Vorcr elements with 
Fig. 87. Model system of different 1;/G; ratios. 
a bitumen of the second For considerable deformation the relationship is: 


group (elastic sol type). 
Viscous element % 


1 


T 

Voicr element: viscous y=—tt Yn os 5 (6) 
element 1, + elastic ele- “| Be 

ment Gj, parallel coupled. "a 


which shows that the elastic deformation approaches a constant final value 
with time approximating the value y,, at high stresses 13. The constant bis 
of the order 50 . 103 dyne/sq.cm; y», normally varies between about 0.25 
and 0.50. Both b and y,, are almost indifferent to temperature up to the 
Ring and Ball softening point. 

The visco-elastic effects of bitumen must be attributed to the presence 
of micelles of comparatively large particle size and ample deformability. 
This deformability must, however, be considered to be limited at high 
stresses because of the maximum elastic deformation of the bitumen as 
expressed by formula (6). 

The course of the resilience after deformation of these bitumens is in 
line with that of the generalised model system"; this means that the rate 
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of the resilience process is closely connected with that of the initial elastic 
deformation and decreases with increasing hardness of the bitumen when 
compared at the same deformation obtained under the same stress. 

Data relating to various bitumens of this group are recorded in Table 27. 

Further comparison between the penetration and the viscosity at the 
Same temperature shows that the penetration is no longer a sufficient basis 
for a calculation of the viscosity. This is especially the case at low pene- 
trations, where the elastic part of the deformation forms a considerable 
part of the total deformation in the penetration test. The actual viscosity, 
measured according to formulas (5) and (6), is higher than the viscosity 
calculated from the penetration by formula (4). At higher temperatures, 
when creep phenomena are more likely to be in evidence, the ratio may 
vary from 1—10, depending upon the degree of elasticity of the product. 
At lower temperature this ratio may even be appreciably higher. 

When comparing bitumens of the first and second groups it may be 
found that the difference in viscosity is small relatively to that in penetration 
if this comparison is made at temperatures equally removed and not unduly 
different from the Ring and Ball softening point, hence in the temperature 
range within which creep phenomena are most likely to occur. Therefore, 
the permanent deformation under specific circumstances can roughly be 
taken as equal for bitumens of both types with the same Ring and Ball 
softening point. This can also be expressed by the rule that the permanent 
deformation under fixed conditions of stress is primarily governed by the 
difference between the Ring and Ball softening point and the temperature 
under consideration and not by the type of the bitumen. In the range of 
temperatures considered it can be taken at a very rough approximation 
-hat the viscosity varies by a factor 10! for every 10° C difference in temper- 
ature. It is evident from formula (2), however, that this factor increases at 
lower temperatures. 

(3) Bitumens of the third group show complete elastic deformation under 
relatively small loads exerted for a limited length of time; with larger loads 
and longer times, part of the deformation is permanent. 

In the first case it has been found that the retarded elastic deformation 
can be represented by 

y = tat" (7) 
in which is a constant (about 0.4) and a depends upon the temperature "’. 

In the second case an experimental relation can be given as follows: 


oe (8) 


0.9 
1+ Yn (2) 
Tt 
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This equation shows that the petmanent deformation is no longer always 
proportional to stress or time. The parameter m is a function of the stress 
applied; it differs little from 1 with small stresses, but increases with the 
stress and may then reach a value of, e.g., 2 for a number of representatives 
of this group. y», in this case is larger than the corresponding magnitude 
of bitumens of the second group and often exceeds a value 1. 

Formula (7) can be related to model systems in the same way as to 
bitumens of the second group, the main difference being that no viscous 
element 7 is incorporated in the model. The complicated nature of equation 
(8) makes it clear that the rheological properties of bitumens of the third 
group are no longer amenable to simple analysis. However, here again 
a practical rule exists for the flow in the high-temperature range of technical 
application, namely that the permanent deformation is often of the same 
order of magnitude as for other types of bitumen if the difference between 
Ring and Ball softening point and the temperature under consideration is 
the same. 

Contrary to the case of bitumens of the second group, this rule is of 
only limited value as applied to bitumens of the third group, especially at 
low shearing stresses, when the gel structure of these bitumens is apt to 
cause a yield stress. The transition from flow to no flow, however, is much 
more gradual than in many other materials and it is hardly possible to give 
reliable figures even for the order of magnitude of this yield stress. 

In Table 28 some data of rheological constants are given for various 
bitumens of the third group. 


TABLE 28 


RHEOLOGICAL PROPERTIES OF BITUMENS OF THE THIRD GROUP 

















Process |R &B} Penetration at: 





























. 6 . 

ae Sealpera ee | a‘ 108 (c.g.s.) at: 610-8 

nein’ | Manu- |point/25°C|40°C|60°C|25°C|40°C|60°Clesec| “| 7 | (n/sq-cm) 

facture | °C | secs 
Mexico fee: 90 | 23 | 53 | 158 10.06/0.25 11.95 12.41 0.39 12 | 6.8 
Venezuela) ,, | 90] 21 | 48 | 150/0.04/0.19 | 1.06|10-1|0.41| 11 9.6 
Texis » | 88 | 27 | 62 | 180 |0.03]0.13|1.23) 66/0391 11| 126 
Venezuelal 3}, | 87 | 35 | 75 | 205/0.08|0.41|214/20.0|0.42| 11 3.9 
Venezuela) ,, | 119] 14 | 27 | 64| — |abt.| abt. |0.5010.41| 1.4] 49/85°C 
| 0.01 |0.07 








The three groups of bitumens may best be compared by plotting the 
ratio t/y against time, both on a logarithmic scale. 


Straight lines, under a slope of 45°, are obtained with bitumens of the 


first group. With the second group the slope is smaller at short deformation 
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times. With the third 
group, one single 
curve is obtained 
for slight deforma- 
tions only; but this 
ceases to be the case 
for larger deforma- 
tions because the 
deformation for a 
fixed period is no 
longer proportional 
to the stress (for- 
mula (8) ). 

Curves are given 
in Figure 88 for 
various types of 
bitumen of different 
hardness. 

These curves are 
valid at a tempera- 
ture of 25° C. When 
considering creep 
phenomenaat higher 
temperatures, ap- 
proximate curves can 
be obtained by shif- 
ting the curves in 
Fig. 88 by the factor 
10! mentioned before 


tog 5m (dyne/sq cm) 


9 


265 


——=— approximated 





log t (sec) 


Fig. 88. Resistance to deformation (shearing stress/shear) 
at 25° C of various bitumens as a function of time during 
long periods of deformation. 





























Group of BS Process of R&B ° 
NO: lf waa | aan manufacture i pen/25° C 
1 1 Borneo dist. 39 140 
2 7 * > 47 47 
3 1 pe be 66 =] 
- 2 Venez. a 38 200 
5 2 o ee 55 44 
6 2 oa a 67 15 
7 Z a 114 3 
8 3 me blown 98 18 
9 3 is _ 119 14 
10 3 “ a 135 10 
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to lower deformation times for every 10° C increase in temperature above 
25° C, with the same restriction as previously discussed. 

The effect of an isotropic pressure besides the deviatoric state of 
stress upon asphaltic bitumens is quite considerable. A factor of 3-4 
per 100 kg/sq.cm can be taken for bitumens of the first group 
and of 2—2.5 for the other bitumens. However, pressure on joints will 
seldom be high enough to change their viscosity characteristics to any 
appreciable extent. 


(c) Elasticity 


During rapid deformation, e.g. shocks, sudden bending etc., the permanent 
part of the deformation is negligibly small and the deformation can then 
often be considered as an elastic one. This means that the model system 
as given for bitumens of the first group (one viscous element) and for the 
second and the third group (Vorcr elements + viscous element, Vorcr 
elements only, respectively) does not completely represent the mechanical 
properties of the bitumen, but that a purely elastic element has still to be 
added (Fig. 89) 16, 17, 

These models are qualitative representations of the transition of a 
purely elastic to a purely viscous, or retarded elastic character of the 


a b a 


Fig. 89. Complete qualitative model systems of bitumens of the three different groups 
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material. Quantitative representation can again be obtained by coupling 
in series an infinite number of Vorcr elements. 
In infinitely rapid deformations, it is the elastic element only which 


determines the resistance to deformation G) which should, in this case, 


be described as an elasticity (shear) modulus. With less rapid deformations 
a number of Vorcr elements will also play a réle, so that the resistance 
will then be smaller. The decrease in resistance will depend upon the 
distribution of Vorcr elements in the series. 

The behaviour of bitumens of different hardness and type found in 
experiments 38 is as shown in Fig. 90. 

Not all the elastic 
parts of thecurvesof log > (dyne/sq cm) 
Fig. 90 have actually 
been determined ; 
some of them have 
been approximated 
on the strength of 
general considera- 
tions to give a 
more complete, if 
only qualitative pic- 
ture. In this way 
the representation 
of the mechanical 
properties of bitu- 
mens as given in 
Fig. 88 is complete 
for the full range of 
deformation times. 

When considering 
elasticity phenome- 
na at lower tem- 
peratures, the curves 
have again to be 
shifted; here, how- 
ever, the factor 10! log t (sec) 
in time for‘every 10° 

















. Fig. 90. Resistance to deformation (shearing stress/shear) 
C temperature dif- at 35° C of various bitumens as a function of time during 


ference from 25° C _ short periods of deformation. For characterization of the 
bitumens see Fig. 88. 
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is normally too low; for hard products the factor may amount to, say, 101-5, 

It has been found that the maximum value for the shear modulus amounts 
to about 5 - 10® dyne/ sq.cm (5 - 10? kg/ sq.cm), the same value applying 
to pitches. This value is about 100 times lower than that of hard 
metals, etc. 

It is useful to know for the calculation of Porsson’s constant 
that the compressibility of bitumens is about 40-10° sq.cm/kg, 
so that the reciprocal value is 25 . 10° dyne/sq.cm. For high values of the 
shear modulus G this value has to be taken into account in the calculation 
of the elasticity modulus E. 


(d) Breaking Strength 


Our present knowledge of the breaking strength of various bitumens is 
still far from complete. Some existing data 1’, however, show that the 
difference in tensile strength of bitumens of different hardness and type is 
comparatively small in relation to the substantial differences in resistance to 
deformation t/y as discussed in the preceding sections. The order of 
magnitude of the breaking strength can be taken as 20 - 10% dyne/sq.cm 
= 20 kg/ sq.cm. At the moment, this value is near enough to enable 
us to study the occurrence of fracture in bitumens. For other stress 
distributions the breaking strength may, however, be higher. 

Apart from these more theoretical investigations, conventional tests are 
often applied to compare bitumens for breaking tendency. There are two 
distinct types of test, v/z., 

(1) Relatively slow tests, the most common method being the FrRAAss 
breaking point 1%, A metal plate covered with a thin layer of bitumen is 
slowly bent (for 10 sec.). The temperature during this test is continuously 
lowered and the bending experiment is carried out at regular intervals. 
The temperature at which cracks can be observed in the bitumen is the 
Fraass breaking temperature. The penetration at this temperature is often 
between 1—2 for bitumens of the first and second groups and somewhat 
higher for bitumens of the third group. 

(2) Rapid tests, of which an example is the Ball Drop Test 2°. The weight 
is noted of the ball which, falling from a given height, causes fracture. At 
the same penetration at test temperature, the shatter resistance increases 
from bitumens of the first, to bitumens of the third group; even more so, 
if bitumens of the same Ring and Ball softening point are compared at 
the same temperature. 

On account of the comparatively slight differences in breaking strength 
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between various bitumens, both groups of test determine the resistance to 
deformation or the modulus of elasticity, rather than the strength. 


(e) Durability 


After the application of-an adhesive for cementing purposes, its properties 
should not change appreciably as time goes on. At this point we would do 
well to consider two agencies liable to induce changes in bitumens, namely: 
(a) Water during prolonged immersion. 

(b) Oxygen, especially in the absence of light. 


(i) Influence of Water 


Water may be absorbed in bitumen if the latter contains small amounts of 
water-soluble components, traces of salt in particular, which it normally 
does. By a kind of osmotic process the water diffuses into the bitumen and 
dissolves the salt, producing small globules of water in the bitumen. 
Relatively large amounts of water can therefore only be absorbed if the 
surrounding water is more or less pure. 

It has been found that water absorption only causes perceptible changes 
in the mechanical properties of bitumen which is exposed in its applied 
form to high temperatures for long periods (years). This is because the 
diffusion process is very slow, owing to the scant molecular solubility of 
water in bitumen and the low diffusion constant in this highly viscous 
medium. 

Thus water absorption only becomes a factor in exceptional cases, 
namely in conjunction with water-permeable or porous adherends in 
continuous and very prolonged contact with pure water at high temper- 


atures. 


(ii) Influence of Oxygen 

The influence of oxygen on the durability of asphaltic bitumens may be 
somewhat more serious. In the oxidation of asphaltic bitumen, there are 
two distinct types of process, which may eventually change its properties, 
namely photochemical oxidation and oxidation in the absence of light. 
The lacter type will have to be considered as it affects bitumen used as an 
adhesive. 

The same factors which induce water absorption favour this oxidation 
process, viz., accessibility to the agent, high temperature, low viscosity of 
the bitumen. In extreme cases in practice, the bitumen hardens, sometimes 
to the point of a decline in penetration by, e.g., a factor 2 in one year. 
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Normally, however, the increase in hardness is much less, as the accessi- 
bility to oxygen, the temperature or the penetration of the bitumen into 
the cemented object is in most applications appreciably lower than in this 
extreme case. 

In most cases there is no objection to some degree of hardening, because 
a certain amount of change in properties at low temperatures has been 
allowed for in the choice of bitumen made. 

In other cases even a high degree of hardening may be permissible, as, 
for example, in that of bituminous laminated paper. True, t..ere should be 
no appreciable hardening before the paper is used as wrapping material, 
but there is unlikely to be any at that stage, since oxygen can have but 
limited access to paper stored in rolls. Once the paper is in use as wrapping, 
it will matter little if the bitumen does harden because, if properly used, 
the wrapping is not subjected to major deformation. 


(£) Influence of Fillers, etc. 


In applications of asphaltic bitumen as an adhesive, other materials are 
sometimes added to the bitumen in order to change its properties, to reduce 
the costs, etc. 

These auxiliaries fall into two groups, viz. 

(a) Those which form a separate phase in the bitumen (inorganic fillers 
and certain organic materials). 
(b) Those which dissolve in the bitumen. 

Examples of the first group are limestone, cement, quartz and other 
fillers, the clay skeleton of layers formed from clay emulsions and rubber. 

An example of the second group is provided by polymerized fatty oils. 
In this case an unblown or partly blown oil is added to the bituminous 
material and the mixture is sulphurized or oxidized. 

We shall briefly consider how these auxiliaries affect the properties of the 
material. 

Adhesion, considered as an interfacial phenomenon, is not impaired by 
these admixtures, as the structure of the interface is not changed to its 
disadvantage. Improvements of “adhesion”, as sometimes reported, are 
usually attributable to changes in the mechanical characteristics of the 
material. 

Rheological properties may undergo considerable modification as the 
result of the addition of these substances. 

Normal iso-dimensional mineral fillers in amounts up to about 25% 
by vol. increase the viscosity of the material over the whole range of 
temperature by approximately the same factor, the latter depending upon 
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the amount of filler. They do not change the type of the material and, 
roughly speaking, the result is an increase in equiviscous temperature. 
This increase is about 4° C for 10% and 15° C for 20% by vol. of filler. 

In higher concentrations the filler may form some skeleton in the material 
and thus induce a yield stress 21, 

Effects of the same nature can be obtained with smaller amounts of flake 
type and especially of fibrous fillers. 

As long as no yield stress is induced by the filler, no considerable differ- 
ences in processing conditions and creep phenomena exist between a pure 
bitumen and a bitumen-filler mixture of equal Ring and Ball softening 
point. If, however, in high concentrations a yield stress is induced in the 
material , the conditions become more complicated and depend upon the 
characteristics of the filling material. 

A yield stress is also induced in dried clay emulsions of bitumen by a clay 
skeleton, so that even with soft bitumens no flow occurs in applications to, 
é.g., vertical walls. If, however, the material is subjected to deformation of 
some magnitude, the skeleton is destroyed once and for all. 

Rubber can be incorporated in bitumen either by using mixtures of 
bitumen emulsion and latex, or by adding powdered rubber to the bitumen. 
In course of time the rubber swells to approximately five times its original 
volume, extracting components of lower molecular weight from the 
bitumen ?*, owing to which the bitumen phase hardens. With relatively 
small amounts (up to 5%), the swollen rubber particles then-only increase 
the visco-elastic effects as compared with those of the original bitumen; 
with larger amounts, the rubber particles form to some extent a continuous 
structure in the bitumen and the properties of the material are changed in 
the direction of a yield stress. 

The incorporation of polymerized fatty oils may increase the visco- 
elastic properties of bitumens considerably; at the same time a more 
definite yield stress may result. The addition of these oils is at present the 
best means of obtaining bitumen of maximum elastic character. 

The incorporation of rubber or polymerized fatty oils may entail certain 
restrictions in the processing conditions, because of the lower heat stability 
of these materials as compared to that of bitumen. 

Changes are also observed in the elasticity discussed on p. 266 when 
bitumen is mixed with other materials. Upon the addition of inorganic 
fillers, the elasticity modulus changes according to a rather complicated 
mixing rule 18; as these fillers have a higher modulus, the modulus of the 
mixture increases as compared to that of the pure bitumens. 

With rubber, the effect of the hardening of the bitumen phase by the 
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swelling: of the rubber particles is counteracted by the presence of very 
soft rubbery particles; no conclusive data are available as to the final result. 

The presence of relatively small amounts of blown fatty oils does not 
change the maximum elasticity modulus of this type of mixtures to any 
considerable extent. 

Again, however, it should be realized that these auxiliaries increase 
the equiviscous temperature at the same time, so that, when comparing 
pure bitumens with such mixtures of equal creep tendency in the high 
temperature range of the application, the effect on the shear modulus may be 
reduced or reversed. No general conclusion in this respect can as yet be 
given; only in the case of polymerized fatty oils does the mixture undoubt- 
edly compare favourably with a pure bitumen. 

The breaking strength of these various mixtures has not been studied 
closely. It is known that the shatter test mentioned on p. 268 is considerably 
improved by the addition of small amounts (e.g. 5% by vol.) of non- 
fibrous fillers and by even smaller quantities of fibrous fillers. 

Finally, the durability, as far as oxidation phenomena are concerned, is 
little affected by the addition of mineral fillers; this factor is governed by 
the influence of these fillers on the rate of diffusion of the oxygen. The 
influence of organic auxiliaries will depend on their oxidation stability, 
which may vary considerably and is generally lower than that of the bitumen. 


§ 3, PROPERTIES OF THE SYSTEM ADHESIVE-ADHERENDS 


(a) Introductory 


In § 2 of this Chapter those properties of asphaltic bitumens or bituminous 
compounds have been discussed which are determinant factors in their 
use as an adhesive. Some general remarks, relating more particularly to 
properties of the adhesive-adherends system, may appropriately round off 
the discussion. 

The uses of asphaltic bitumen as an adhesive can be divided into two 
classes, which may be described as the two- and the three-dimensional classes. 

The first class comprises all cases where two parallel or almost parallel 
surfaces are bonded together by a thin layer of the adhesive (“‘laminating”’). 

In the second class a large number of particles are united into a coherent 
mass by an irregularly formed three-dimensional honeycomb structure of 
the adhesive (“binding’’). The filling of the voids between the aggregate 
particles may be complete or partial. 

These two forms give rise to different stress distributions according to 
the theories expounded in Chapter V. . 
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Examples of laminating are: 

(a) Manufacture of laminated paper (duplex or multiplex), in which two 
or more sheets of paper are cemented by a film of bitumen (e.g. 50 
thick), to form a water-vapourtight packing material. 

(b) Manufacture of packing or building materials of analogous structure 
consisting of paper or board with metal foil, hessian with paper, boards, 
board with paper, etc. 

(c) Plywood. 

(d) Application of roofing or flooring felt on the spot. 

(e) Application of wooden blocks for parquet floors or of tiles. 

(f) Application of cork sheets, etc. for insulation purposes. 

Some cases intermediate between laminating and binding are: 

(a) Surface treatment of roads. 

(b) Manufacture of coherent slabs of glass wool, etc. 

Hot processes are generally used in most of these applications, except 
for the surface treatment of roads, where cold processes (solutions or 
emulsions) are usually preferred. Pure bitumens are mostly used; inorganic 
fillers are never added. 

Examples of binding are: 

(a) Construction of bituminous roads, runways, floors, etc. of the hot or 
cold mix type. 

(b) Manufacture of bituminous tiles. 

(c) Manufacture of bitumen-bound cork sheets. 

(d) Manufacture of coal briquettes. 

In the last three cases hot processes are generally used. In some of these 
applications the bitumen is mixed with inorganic fillers. 


(b) Processing and Adhesion 


It has been mentioned in § 2 b that for hot processing the corresponding 
temperatures are always within the limits of the thermostability of pure 
bitumens. In some cases, however, the temperature necessary in hot 
application may be too high for the thermostability of the adherends or 
of auxiliaries added to the bitumen, a fact which imposes careful fore- 
thought in the choice of the type of processing to be adopted. 

The adhesion of the bitumen to the adherend is particularly sensitive to 
the conditions of processing. Satisfactory adhesion depends upon the 
bitumen’s retaining the necessary low viscosity long egough to allow for 
the full completion of processing. Thus only can the bitumen adjust itself 
to the adherend, penetrate into pores or displace adsorbed layers, etc. 
There is, fortunately, no difficulty in establishing these necessary conditions 
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and good adhesion is seldom unattainable. It is only with highly polished 
surfaces, like chromium, that hard bitumens may present some difficulty. 

There have been complaints of Jack of adhesion between hard bitumen 
and pliant materials, such as rubber. In this case, however, adhesion fails 
when the bitumen begins to crack owing to excessively rapid deformation 
of the object, with the result that the bitumen layer peels off. 

If hot bitumen is applied to a cold surface, it often sets too soon. As a 
precaution, therefore, the cold surface is first given a priming coat, consist- 
ing usually of a solution, but sometimes of an emulsion. The thickness of 
the priming coat normally amounts to 30-100 wu. Dip coatings are sometimes 
also applied; in this case the layer thickness amounts to about 250 yw. The 
bitumen of the priming coat should preferably be the same as that of the 
adhesive layer proper. 

The surface of the adherend should be clean and dry; coating of wet 
surfaces often calls for special methods. Sometimes these methods may be 
quite simple; ¢.g., moist cement can be primed with a solution of bitumen 
in an aromatic solvent like solvent naphtha. As a rule, however, a more 
complicated method has to be used (see § 2 (a) ). 


(c) Mechanical Properties 


After the extensive discussion of the mechanical properties in § 2 (b), (), 
(d) and (f), little need be added here. 

The application of asphaltic bitumen, which is a thermoplastic material, 
will always be limited by creep or flow at the maximum temperature to 
which the cemented object is exposed and in a number of cases by brittleness 
at the minimum temperature. 

The consistency at this maximum temperature will in most cases be just 
such as to meet the limit for creep, because for other reasons the material 
should not be harder than is strictly necessary. The mechanical conditions 
and demands (stress and time) will determine the minimum value of the 
permissible viscosity (consistency). This viscosity should therefore exist 
at the maximum temperature to which the cemented object is exposed. 
As has been explained in § 2 (b), the difference between the Ring and Ball 
softening point and the corresponding equiviscous temperature normally 
does not vary appreciably in a bitumen of the first group compared with 
one of the second or even, in some cases, with one of the third. Nevertheless 
appropriate performance tests should be carried out to serve as a 
guide for the right Ring and Ball softening point of the bitumen in this 
respect. 

The brittleness of the bitumen may become a decisive factor at low 
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temperatures. In a number of cases bitumens with the highest attainable 
modulus of elasticity will still serve; in other cases, however, a lower 
modulus of elasticity will be necessary at the minimum temperature to which 
the cemented object is exposed. The stresses which may develop in the 
bitumen may be either of external mechanical origin or result from internal 
temperature contraction. In the first case the stresses may be calculated 
from a constructional analysis of the stressed object, in the second case 
from the figure for the thermal expansion coefficient of bitumen given on 
p. 258, and that of the adherend(s) (see Chapter 4). 

The considerable differences which exist in elasticity modulus between 
the three groups of bitumen provide a standard by which a judicious 
choice of bitumen may be made for those applications in which brittleness 
at low temperatures is a point to be considered. The more exacting the 
demands, the more imperative will it be to use a bitumen of the third 
group; in exceptional cases the use of mixtures with sulphurized or oxidized 
fatty oils may be necessary. : 


(d) Influence of Time on the Cemented Object 


The changes which pure asphaltic bitumen may undergo with time under 
the influence of water and of air have been discussed in § 2 (e) of this 
Chapter. 

When bitumen is used as an adhesive, there are two other factors which 
sometimes come into play, the source of which is the porous structure of 
the adherend, or, on occasion, a faulty combination of primer and bitumen 
layer. 

When bitumens of the first or second group are in contact with a porous 
material, they will gradually be absorbed into the capillaries. The rate at 
which this process of bleeding proceeds can be described approximately by 
the formula 


ss = tie (9) 
t n 
where 4 = capillary rise (cm) in ¢ sec.; r = radius of capillary (cm); 


S = adhesion tension (erg/sq.cm) and 7 = viscosity (poises). 

This formula shows that the rate of this process is determined above all 
by the viscosity of the bitumen, there being no substantial differences in 
the adhesion tension. Therefore, equal rates of bleeding will be found at 
equal equiviscous temperatures. By reason of what was stated in § 2 (b), 
(iii), this means that this rate is chiefly determined by the difference between 
the Ring and Ball softening point and the temperature of exposure. 
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A calculation, in which a normal set of conditions is substituted in 
formula (9), shows that, as indeed practical experience bears out, this type 
of process is extremely slow and can only be observed in cases where 
thin layers of adherends are used. 

When bitumens of the third group are in contact with porous materials, 
another process takes place. It was mentioned in § 1 (b) that absorption by 
porous materials may deprive bitumens of the third group of part of the 
oil phase of the gel structure. The rate at which this process takes place 
is determined by the capillary suction of the pore structure of the adherend, 
by the permeability of the gel structure and by the viscosity of the oil. 

This phenomenon occurs with bitumens of a pronounced gel character. 
Its effects can often be mitigated by a judicious choice of the porous material 
(especially paper). 

Finally, this same loss of oil phase by gel-type bitumens may result in 
the formation of a layer of low viscosity when these bitumens come into 
contact with bitumens of the first or second group, ¢.g. as an adhesive 
layer on a primer. In this case the oil of the former bitumen sometimes 
fluxes the latter, with, as a result, reduced coherence, or soiling of the object 
if the oily layer finds a loophole for escape. This is why the bitumen of the 
primer should be as similar as possible to that of the subsequent layer. 


§ 4. CONCLUDING REMARKS 


In the preceding sections the properties of asphaltic bitumen, in so far as 
they affect its use as an adhesive, have been reviewed. 

We are led to conclude that different bitumens vary considerably in 
their rheological and elastic properties. As they vary far less in their 
other properties, the choice of the grade of bitumen considered most 
suitable for a given application is governed mainly by those mechanical 
properties. 

As has been explained in § 3 (c), the allowable permanent deformation 
(creep) at the maximum temperature of the application determines the 
hardness, toughly expressed by the Ring and Ball softening point of the 
bitumen or the bituminous compound, whereas the requirements for 
resistance to fracture at low temperatures determine the type, as expressed 
by the first, second or third groups or, in other words, by the Ring and 
Ball softening point—penetration 25° C relation. 

This statement is not only based on the fundamental knowledge of the 
theological and elastic properties of bitumens as given in § 2 (b), (c) and 
(d), but is fully supported by experience. 
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This general rule is, however, not much more than qualitative, in that 
it relies mainly on a comparison between various types of bitumen. The 
reason for this is that the constructional analysis of most cementing 
processes is still in its initial stages; Chapter 4 gives calculations for a 
number of cases, but does not yet cover the whole field satisfactorily. 

It will not be possible to formulate purely quantitative rules until the 
constructional analysis is complete. 

Current general knowledge of the rheological and elastic properties of 
asphaltic bitumen seems to be sufficiently comprehensive to find a place 
in such analyses. 
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CHAPTER 6 
INORGANIC ADHESIVES AND CEMENTS 


Joun H. WILxts 
Philadelphia Quartz Company, Philadelphia, Pa. (U.S.A.) 


The field of materials comprising inorganic cements is much wider than 
that of adhesives defined as a thin film between adherends. In general we 
here “divide between fluids which are applied as thin films to unite surfaces 
nearly in contact and the more viscous masses which, though they may be 
sticky and exert adhesive properties, are yet expected to occupy more 
space than adhesives proper’’}. 

Uses in which material is present as a coating layer on a single adherend 
are not included although many such thick layers are made of cementitious. 
compositions. Somewhat less characteristic of cements are the facts that 
they usually contain fillers which may be relatively large particles and that 
their set often depends on crystallization. The colloidal nature is not so 
preeminent a characteristic of the adhesive layer. Interfacial properties 
still control their use as surfaces must be wetted and a bond formed which 
is as strong or stronger than the weaker of the adherend or cement. At the 
same time there should be an adequate bond between the filler and the 
cement itself. In general cements find their greatest use in the building 
trades and the choice depends on the relative importance of cost, chemical 
resistance, and strength. 


A. INORGANIC ADHESIVES: SODIUM SILICATE 
§ 1. INTRODUCTION 


While there are a few inorganic materials which form concentrated colloidal 
solutions, sodium silicate, because of its low cost, freedom from crvstalli- 
zation and wide range of properties is the only one in general use as an 
adhesive. Solutions of aluminum acetate? and sodium borates? have 
adhesive properties but they are more expensive and in some cases tend to 
crystallize and become brittle. 

Von Fucus * noted the adhesive qualities of the soluble silicates over 
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100 years ago and some minor commercial use was made at least as early 
as 1867 ®, ® but it was not until about 1900 that use as a glue became of 
industrial importance 7. At this time the replacement of starch by sodium 
silicate as the adhesive made possible the development of machinery for 
rapid production of corrugated and solid fiber paperboard. Next in 
importance is its use for sealing box flaps and in the production of paper, 
cans and tubes. Although soluble silicates are produced or used in nearly 
all-parts of the world the adhesive use appears to be much more widely 
developed in the United States where the paper box is used so generally 
that it has become an economic necessity. 


§ 2. STANDARD PROPERTIES 


Soluble silicates comprise a continuous series of ratios of alkali oxide to 
silicon dioxide with any desired proportion of water. The cheapest soluble 
silicates are those of soda. Other alkali silicates are used only where their 
special properties make the difference in cost unimportant. Only certain 
representative ratios at stipulated concentrations are available commercially. 
Following the accepted nomenclature!, a comma will be placed between 
the oxide symbols when the ratio only is indicated. Thus Na,O, SiO, will 
not indicate a definite chemical compound. It is convenient, however, when 
using ratios, to employ the whole numbers associated with the inverse 
form SiO,: Na,O. This form is used principally in the tables and figures 
and care must be taken to recognize the shift in emphasis. For adhesive 
uses, any commercial liquid grade of sufficient concentration can be used 
but the range is usually restricted between Na,O, 2SiO, and Na,O, 4SiO, 
and viscosities at the temperature of use varying from about 1 poise to 
10 poises. Sodium silicate solutions approximating the analyses in Table 
29 are normally available in most countries and special concentrations may 
be obtained when needed. 

Sodium silicates with high viscosities are diluted as required. In general 
the ratios more alkaline than Na,O, 2SiO,, although quite viscous when 
concentrated, are not used as adhesives because of high alkalinity and 
instability. However, WARE ® maintains that for certain uses a mixture of 
Na,O, 3.2SiO, with Na,O, 1.6SiO, has advantages. He declares that the 
more alkaline part will react with added mineral powders while the more 
silicious will reduce the tendency to absorb water and allow drying at 
normal atmospheric temperatures. 

At the concentrations used for adhesives, the px is fairly constant for 
a given ratio because the sodium silicate solutions reach a maximum at 
less than 10°% solids. 
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TABLE 29 


PROPERTIES OF STANDARD COMMERCIAL SODIUM SILICATE ADHESIVES 
(data determined at 20° C) 

















Silica: Alkali ; 
Ratio Ls Na,O | Bé° rata 

% by wei by weight | 
3.40 iva ay 8.30 | 39.7 | Loi 
3.22 9.16 42.2 1.410 
3.22 8.90 41.0 1.394 
SL 8.60 40.0 1.381 
2.90 11.00 47.0 1.480 
2.40 13.80 52.0 1.559 
2.00 14.50 50.0 1.526 
2.00 18.00 59.3 1.692 
1.60 19.50 58.5 1.676 


§ 3. CONSTITUTION 


Viscosity | pH 


Tw Poises 
76 K Yeo iz 
82 4.0 ils 
79 1.8 11,3 
76 1.0 11.3 
96 9.6 15 
112 17.0 11.9 
105 2.8 IZ 
138 700 12.2 
135 70 12.8 


Sodium silicates in the ratio range of adhesive use are known to be colloidal 
systems. This has been shown by the extensive work of BurGEss ®, CANN 2°, 
GANGULY !!, HARMAN !%, KOHLRAUSCH 38, STERICKER 4, SVEDBERG and 


30 


OF SCATTERED LIGHT 


20 


INTENSITY 


REL ATIVE 
° 


! 2 3 4 
RATIO - SIO, /NA,O 
Fig. 91. Light scattered in an ultramicroscope from 


filtered solutions of 2M commercial sodium silicate 
adhesives (data by GANGULY). 
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co-workers }, 

GANGULY " used an ultra- 
microscope to count the col- 
loidal particles in somewhat 
diluted and filtered com- 
mercial silicates. He found 
that the number of particles 
increased very rapidly after 
a ratio of 3 SiO,: 1Na,O 
was reached. Experiments 
on the scattering of light, 
Fig. 91, osmotic pressure 
and relative diffusion rates 
also show the same rapid 
change at about this ratio. 
Conductivity experiments, 
extimation of the percentage 
hydrolysis, studies of the 
colligative properties such as 
the depression of the freezing 
point, activity coefficient and 
boiling point elevation all 
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show a break at a ratio of about 2SiO,: 1Na,O. At very low concen- 
trations, this is not always noticeable. A strong continuous Raman spectrum 
is a property of viscous liquids. The strength decreases on dilution and 
increase in temperature. HrpBEN © and GANGULY and CHAKRABARTY !7 
compared silicate solutions from 1: 1 to a dialysed sol and concluded from 
the shift in sharpness of the band that the ionized particles had the same 
structure but a difference in aggregation. 

Most ofthese studies have been fully reviewed by Varn}. They do not 
come into direct use in adhesive applications and are more closely allied 
to cohesion as discussed in Chapter 2. Writs and Sams have recently 
reviewed the colloidal character of sodium silicate adhesives 18, 

It is generally agreed that a commercial sodium silicate of adhesive 
grade is composed of colloidal electrolyte particles which are very little 
hydrolysed. These particles have a fairly high negative charge as shown 
by mobility studies of Brtiirzer?®, ZstGMonpy 7° and Hazei”. In fact 
they barely become electro-positive as the pH approaches zero. This 
character of a colloidal electrolyte explains much of the wide applicability 
of sodium silicates. They have not only the property of “deformability” *# 
as colloidal adhesives but they react metathetically with numerous surfaces 
to form a strong chemical bond. They may also react by condensation of 
the hydroxyl groups with similar groups on the adherend surfaces. Wry *8 
explains that the adhesive properties are caused by the reactivity of the 
Si-O-Na groups... “Colloidal silica does not have the sticking quality 
of a waterglass solution. It ages because its free reactive hydroxyl groups 
react with themselves, thus increasing the molecular weight of the substance 
and decreasing its chemical reactivity. One of the requirements of a good 
adhesive is the presence of reactive groups under conditions which prevent 
these groups from reacting with themselves. The hydroxyl groups of a 
silica gel have a tendency to split off H,O and to form a permanent bond. 
This is less likely to happen if we use waterglass which does not have free 
Si-OH, but Si-O-Na groups. Nevertheless, these groups hydrolyze 
readily in contact with other materials, such as cellulose, and enter similar 
reactions at a glass surface.” 


§ 4. BOND STRENGTH 


The final bond formed always contains some moisture unless heated to 
about 700° F (360° C). The presence of this water adds to the bond re- 
silience which a dry glass does not possess. Fig. 92 although inexact shows 
that the residual water content of adhesive grades is significant even at 
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10% relative humidity and that very little change occurs 
over the range of normal conditions. 

BoLiteR, LANDER and MoreHousE *4 have reported 
on the variation of the cohesive strength of sodium 
silicate for the ratio most often used as an adhesive. Their 
curve is hsown in Fig. 93. Since a tensile pull of only about 
2 p.s.i. is necessary to tear paper fiber from a paperboard 





20 40 60 80 100 
RELATIVE HUMIDITY - % 


Fig. 92. The equilibrium moisture content of sodium silicate adhesives having 
SiO,: Na,O ratios of 2.94, 3.32, 3.98 with varying relative humidity at room 
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temperature (WILLs and Sams). 


surface, it is evident that the 
adhesive soon makesafirm bond. 

Because of this excess strength 
over that required for paper, 
MALCOLMSON * suggested the 
addition of NaCl as an extender. 
With such additives proper 
working characteristics may be 
maintained at greater dilution 
of the sodium silicate. GARDNER 
*® suggested diluting the adhesive 
still further by the addition of 
fibrous talc which swells and 
helps to maintain the desired 
viscosity. 


Fig. 93. Variation in tensile strength 
54 32 50 48 46 of a commercial _Na,O, 3.3Si0, 
solution with loss in water (BoLLEr, 

PERCENT WATER CONTENT LANDER and Morenouss) 
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Dried bond strength has been tested under a number of conditions by 
McBain and his coworkers * ®”, Thin films were prepared on thinly 
greased ferrotype plates or smooth celluloid sheets at about 55% relative 
humidity. Tensile strengths were measured with a Schopper dynamometer. 

















SiO, : Na,O Mole Ratio °%Na,O p.s.i. 
3.0 | 74 500 
3.0 9.1 600 
a9 117 300 
2.45 13.8 150 








In a slightly different 
type of test, paper, was 
impregnated with the 
adhesive. A strip0.007” 
thick showed astrength 
of 1,000 p.s.i. after cor- 
rection for thestrength 
of the paper itself. 

These strengths are 
more than adequate for 
many materials but 
stronger bonds are 
found when the adhe- 
sive is backed with an 
adherend *. The addi- 
tion of flint did not 
affect the strength ap- 
preciably. Bonds were 
obtained with all the 
materials tried except 
rubber and in some 
cases bond formation 
has been obtained even 
with this surface. Cera- 
mic, crystal, metal and 
charcoal surfaces were 
z tested. Table 30 indi- 


Courtesy of ie dale pw Co. cates the range of the 
i - i i ngt ester. : . 
Fig. 94. Electro Hydraulic Tensile Streng results they ened! 
* Compare Chap. 4, section 2. 
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Their results on walnut may be compared with data (Table 31) by 
Browne and Brousz** who give several tables showing the strength 
of wood joints made with Na,O, 3.25 SiO, at a density of 1.415. The 
free film strength at 30% R.H. and 27° C (80° F) was 1900 p.s.i. The 
adhesive was applied at room temperature without dilution and at 200 
p.s.i. pressure. 


TABLE 30 


DATA ON STRENGTH OF SODIUM SILICATE BONDS BETWEEN MISCELLANEOUS ADHERENDS 
AS DETERMINED BY MCBAIN AND CO-WORKERS 





| 





Bond Strength in pounds per square inch 


























2 eel ie eee ilo 
S B a1 cet 21 os z | 4 Pa az | 32 E 
w ge : a § we | os 
Aiea) ar oases 2 a3 | 33 |? 
2.45 | Tension| 17 | 200] 200} 200} 300| 200) 200/| 200} — | 300; 200| — 
Shear | 17 | 200| 200; 200} 200) 200; 200; — | — | — | — | 400 
2.9 |Tension| 17 | 500} 500) 500} 600] 500; 400 | 500} — | 1000! 500) — 
Shear | 17 | 400} 500] 400} 500} 400| 400|} 400; — | — | — | 500 
3.0 | Tension} 26 | 1000 | 1200 | 1000 | 1100 | 1400} 900 | 900} 700} 600| 800 | — 
Shear | 26 | 600} 800} 600/1100} 900} 500 | 400; — | — | — | 700 
3.3 | Tension| 26 | 1300 | 1300 | 1100 | 1400 | 1500| 700 | 1000; — | 600| 800} — 
Shear | 26 | 800] 900] 800/1000|1200| 700} 700; — | — | — | 400 
* All walnut specimens were dried for 28 days. 
TABLE 31 
STRENGTHS OF Na,O, 3.25 SiO, BONDs TO woop 
AS DETERMINED BY BROWNE AND BROUSE 
Compression Shear Tests (60 % R.H. and 80° EF, (26.6° C)) 
Walnut Blocks Maple Blocks 
Test Ave. load Ave. wood Ave. load Ave. wood 
at failure failure at failure failure 
* RAE type | 1550 p.s.i. a4 | 
** FPL — old 1600» 356° 
FPL — new | 1900 40% 3000 | 68% 








* Royal Aircraft Establishment. ** Forest Products Laboratory. 
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Side Grain Tension Tests (30% R.H. and 80° F (26.6° C) 








| Ave. p.s.i. | Ave. wood failure 

Gum | 900 87 
Walnut 950 72 
Ash 1150 70 
Beech 1100 88 
Hickory 1100 66 
Birch 1300 35 
Persimmon 1450 69 

Ave. 1150 0 





§ 5. WORKING PROPERTIES 


(a) Viscosity 


The most significant working property of the soluble silicates is viscosity. 
Commercial solutions vary from viscosities comparable to sulfuric acid 
up to those approaching asphalt. If protected from loss of water and long 
exposure to the acidic gases of the atmosphere, the life is substantially 
limitless although after 2 or 3 years or storage at high temperatures some 
crystallization may occur at most ratios 2°, While freezing ordinarily is 
not detrimental, solutions with ratios above about 2.4 SiO,: 1 Na,O, must 
be stirred thoroughly after thawing out. 

According to the definitions by BriycHam * all the silicate solutions 
encountered industrially are viscous liquids and not plastic solids, that is, 
they do not have a definite yield point. 

There are numerous methods of measuring viscosity but only a few 
are applicable to the viscous solutions of sodium silicate which absorb 
or lose water depending on their ratio, concentration, temperature, and 
the humidity. Capillary tube methods are slow for such materials and the 
apparatus is difficult to clean and dry satisfactorily. Out-flow type visco- 
meters such as the Saybolt or Engler should not be used because they allow 
too much exposure to the air and there is a tendency to become clogged 
by the formation of a film or scum on the surface of the silicate. The 
method which has been found most satisfactory for very viscous silicates 
above 10 poises is the one which depends on measuring the rate of fall 
of a steel ball. This method has been discussed by BAcon *. In the method 
he used, a glass tube is centered over the top of the liquid with the bottom 
beneath the surface. Thus the steel ball which usually is 5/,,” in diameter 
but varies with the viscosity, is released in a reproducible manner and its 
time of fall is measured over the central 16 centimeters of the tube. 
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He concludes “it appears... that with apparatus and methods of the 
refinement used the... method is capable of measuring absolute viscosity 
over the range 7.5 to 3060 poises to an accuracy + 1%.” 

The Hoeppler rolling ball viscometer is relatively expensive but should 
be very satisfactory. 

For adhesive grades of sodium silicate a falling ball usually passes too 
quickly for the time to be measured as accurately as desired. The method 
now most often used for control is that involving the rotation of a cylinder 
in the solution. The MacMichael, Brookfield, Doolittle, Brabender and 
Stormer viscometers are all of this type. Of these the Stormer has been 
found simple and convenient as well as rugged and is chosen by many 
laboratories for work with sodium silicates. In this type the speed of the 
rotation of the cylinder immersed in liquid and driven by a known weight 
is a measure of the viscosity of the liquid. 

The viscometer itself must be calibrated against solutions of known 
viscosity. The U.S. National Bureau of Standards Circular 440 has suggested 
the use of sugar solutions at two different concentrations. A series of 
standard oils for which absolute and kinematic viscosity are known is 
also available **. Solutions of Sorbitol have been found very satisfactory 
as standard liquids *°, The viscosity of any of these may be determined 
directly by the use of the falling ball method and a standard calibration 
chart prepared to convert Stormer seconds to poises. 


6 
3.98 332 2.94 
” 
WwW 
o 
° 
a 
a 
> 
= 
a 
o 
oO 
2 
> 2 
Oo > 
1.25 1.35 1.45 SPECIFIC GRAVITY 
2 35 45 % SOLIDS 


Fig. 95. Change of viscosity at 20° C of sodium silicate adhesives with concen- 
tration as determined by specific gravity and solids content. Adhesive ratios of 
SiO, : Na,O of 2.94, 3.32, 3.98 (Vat and BAKER) 
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The Stormer seconds may also be converted to poises by measuring 
the bob weight required to produce 100 revolutions per minute and 
comparing this value with a standard curve set up from solutions of known 
viscosity. 

For liquids of higher viscosity or which tend to show a yield point such 
as the clay-silicate adhesives it is sometimes advisable to add an extra 
weight, such as 100 grams, to the driving force of the Stormer viscometer 
in order to maintain sufficient speed of rotation. 

The viscosity will vary with concentration of solids, ratio and temper- 
ature. Vari? has shown the variation with Na,O, SiO,, total solids, ratio 
and temperature. Varn and BAKER * also show the variation of viscosity 
with concentration for solutions of the ordinary adhesive silicates (Fig. 95). 
ZAVJALOV * gives curves showing the change of viscosity with temperature 
and with dilution. (His results appear to be good except that 35.8° Bé at 
3.5 ratio apparently 
should be about 36.8°). 
BoLLeR, LANDER and 
MoreEHOvusE 4 also give 
the viscosity of 3.25 
ratio silicate with total 
solids and tempera- 
ture. Fig. 96, 97 and 
98 shown here for the 





RATIO OF Na,0: SiO, 





7 
a change of viscosity with 
2 ¢ alkali, temperature and 
= ratio for a number of 
3 5 adhesive grades, are 
7 thought to be the most 
8 4 accurate now obtain- 
> able. At lower ratios 


the curves at constant 
solids content rise again 
as shown by Vai}. 


(b) Tack 


There has been no 
experimental data on 
tack added to the litera- 
ture on sodium silicate 
adhesives since VAIL’s 





% 2 4 6 8 i0 i2 i4 
CONCENTRATION, % Na,0 


Fig. 96. Variation in viscosity at 20°C of sodium silicate 
adhesives with concentration as shown by alkali content. 
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report! showing STERICKER’s data on the relation of time and work to 
withdraw a suspended bob. This work, Table 32, shows definitely that 
adhesives do have tack aside from viscosity but it would be valuable to 
study them with a tackmeter such as that devised by GREEN **. 

The tendency in some technical circles is to define tack as the pull- 
resistance of a material adherend from two undeformed separating surfaces 
while the adhesive still exhibits viscous or plastic flow. 







Fig. 97. Relative change in viscosity 
with temperature for a sodium silicate 
adhesive with an SiO, : Na,O ratio of 
3.22 at specific gravities of 1.397 and 
1.427 as determined with a Brabender 
Viscograph (Writs and Sams). 


VISCOSITY - POISES 
> 





20 40 60 80 
TEMPERATURE - °C 


TABLE 32 


COMPARISON OF TACKINESS OF OIL AND Na,O, 2.1SiO, soLUTIONS AT THE 
SAME Viscosity (from data by STERICKER, obtained at room temperature) 


























Material Re My Time in seconds with weight of 
gett 174g | 176g | 180g | 1802¢g 

lubricating oil 124.5 too rapid t d 
Na,O, 2.1 SiO, 124.5 11 gprs 

(diluted) 
Viscous oil 2704 25 A | 
Na,O, 2.1 SiO, | 2549 44.4 11.3 4.5 | 2.6 

(diluted) 











References p. 344 


5 WORKING PROPERTIES 289 


The general tendency among industrial users of soluble silicates is to 
compare both the pull-resistance and the length of the strings subsequent 
to initial separation. 
No method adequately 
summarizes this pheno- 
menon but the prac- 
tical test employed is to 
rub the silicate between 
the thumb and the 
forefinger and then to 
note the ease of separa- 
tion and the length of 
the strings *. These 
structures will be an 
inch or more long for 
a viscous Na,O, 2SiO, 
solution and }” or less 
for concentrated Na,O, 
3.9 SiO, solutions al- 
though the initial pull 
may be identical. Fur- 
ther the silicious silicate 
will dry out and lose 
its tack quickly while 
the more alkaline will 
maintain its tackiness 
for a long time. Since RATIO OF Si0,'Na,0 


the pull-resistance is a Fig. 98. The change in viscosity with SiO,: Na,O ratio 
Bincti Fitime sur of sodium silicate adhesives at constant total solids 
5 Tae hie ote heer 4 ee content of 34%, 38%, 42%, 46% at 20° C. 

face area, and film 


tackiness, each individual sets up his own standard of comparison. 

No relationship has been shown between tackiness and the final strength 
or the setting time but tackiness does disappear as structure develops, 
(e.g. a gel). This may account for the fact that bond strengths have been 
found to decrease at ratios of SiO, to Na,O above about 4.0. 

Various efforts have been made to increase the tack of sodium silicate 
adhesives by the addition of other materials. While no data are available, 
the use of sugar, sodium phosphate and borax has been reconfmended 
from time to time 1 37, 38, 39, 40, 41, 42 


CONCENTRATION OF TOTAL SOLIDS 






IN POISES 


VISCOSITY 





2.4 2.6 28 3.0 3.2 3.4 3.6 3.8 


* Compare Chapter 3. 
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(c) Wetting Properties 


There is considerable literature on the wetting properties of various sodium 
silicates. These properties depend on the material to be wetted as well as 


1100 


1000 3.98 


800 


600 


TIME - SECS. 


400 


WETTING 


200 


2 4 6 Pea) 10 
VISCOSITY - POISES 
Fig. 99. The relative ease of wetting a standard filter aper 


by sodium silicate adhesives with SiO, : Na,O ratios of 2.94 
and 3.98 as the viscosity is varied at room temperature. 


the alkalinity, visco- 
sity and ratio of the 
silicate. Fig. 99 gives 
some idea of the 
variation in wetting 
time as affected by 
the viscosity and 
ratio of the silicate 
adhesive 43. The mo- 
re alkaline ratio sili- 
cates wet rapidly 
whereas the more 
silicious and there- 
fore more highly col- 
loidal ones wet rela- 
tively slowly at the 
same viscosity. The 
wetting itself is pro- 
portional to the vis- 
cosity in both cases. 
These data were ob- 
tained by studying 
the rate at which 
+40 (110 mm) 
Whatman filter pa- 
pers, dried at 105° 
and having approxi- 
mately the same 
weight, fell away 


from a rod which forced them into the silicate of the given viscosity. In 
each case a weight of 0.3 grams was attached to the paper 49, 

The surface tension of course is a guide to the wetting properties of a 
given liquid. Lrpprarp 44 compares the wetting power of diluted sodium 
Silicates containing 19% Na,O on glass surfaces. While these solutions 
were not comparable to adhesive concentrations they do show that the 
surface tension decreased with increasing colloidal content. 
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Alkali Wetting Coefficient 
1Na,O, 3.3 SiO, 6.63 
1Na,O, 2 SiO, 3.83 
1Na,O, 1 SiO, CRY; 
1Na,O 2.52 





McBatn and SHarp * give the surface tensions in dynes/cm as the 
concentration of a sodium silicate solution (8.87°% Na,O, 28.37% SiO,) 
in water is increased up to 20 g/100 cc, a one to five dilution well below 
the adhesive range. (Table 33). 


TABLE 33 


THE SURFACE TENSION OF A DILUTE SODIUM SILICATE SOLUTION 
(8.8794 Na,O, 28.37% SiO.) AS FOUND BY McBAIN AND SHARP 


g Si0,/100 cc 


surface tension, dynes/cm 








immediate 20 min aging 
0 72.0 
0.145 71.5 ist 
0.290 a12 71.6 
0.580 i Pe? 71.6 
0.870 he 71.6 
1.160 71.8 
1.450 rfp i 
22175 te 
2.900 72.4 
4.350 rg Ae | 
5.800 73.0 





McBain further reported that the minimum was not found with an 
Na,O, 1.6 SiO, solution and that the surface tension increased twice as 
rapidly. This is undoubtedly an effect of the decreased colloidal properties. 

Although sodium silicates are considered as wetting agents in themselves 
there is a long record of attempts to increase these characteristics by the 
addition of special agents. In 1919 CarLeron * added sulfonated vegetable 
oils to alkaline sodium silicates. Later LemMeRMAN ¢f a/. #7 suggested a 
number of wetting agents to be added to film forming compositions of 
sodium silicate. Most anionic and nonionic wetting agents are miscible. 
Those interested may also refer to BropiE # and Warr ®. 

The addition of wetting agents generally tends to increase the viscosity 
slightly so that some water should be added if they are to be used for 
adhesive or coating applications. However, the use of these agents has 
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not been general because the initial wetting properties are already high 
and the addition of the wetting agent does not appear to increase the bond 
strength. Because of the increase in viscosity, the weight spread at given 
clearance is also increased and the total bond strength appears to be greater. 
However, when based on the weight of the adhesive present in the glue 
line the actual strength is slightly lower as shown by the following 
experiment with corrugated paperboard. 


‘ Spread per | Tensile Strength in lbs. per 
7 Wetting Agent 1000 a ft. (93 m?) ft. of glue line 











0.0 14 | 40.2 
0.1 24 43.3 
0.0 %] 


24 | 44 


The properties of the adhesive used will depend a great deal upon the 
adherend. A very porous sheet would naturally absorb a thin adhesive 
film too rapidly whereas a dense or highly calendered sheet would not be 
sufficiently wetted by a viscous adhesive. 

Camps-Campins °° related an equation for the penetration of size into 
paper capillaries to adhesive requirements. The factors to consider are pore 
size, wetting, liquid density and viscosity. The cubic feet of air per cubic 
foot of air free paper fiber calculated for different sheets is: 


Jute 0.9 (25.5 1) Chip liner or 
Groundwood 1.7 (48.1 1) 
News Chip 1.1 (31.1 1) Dry Finish 
Fourdrinier Kraft 2.0 (56.6 1) 
Cylinder 1.2 (341) | Water Finish 
Kraft Fourdrinier Kraft 2.4 (68 1) 


He concluded that dry finish Fourdrinier Kraft will take up adhesive 
more slowly than Jute since it has larger pores but the adhesive will 
penetrate further and more will be used. A film forming adhesive is needed. 
When the corrugated board industry shifted to more porous sheets, clay- 
silicate adhesive mixtures were provided to prevent staining through and 
to give more economical spreads. 

A Kraft paper has a high content of natural wood size which resists 
wetting and there is an increasing tendency to use a highly rosin-sized 
board. Chip and Jute too, may be highly sized. 

In order to assure good adhesion of paperboard liners, penetration 
should be of the order of 0.001 to 0.002”. This penetration, as has been 
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indicated, can be regulated by control of viscosity and temperature. 
Penetration can also be increased by increasing the moisture content of 
the board or by slowing down the setting time #4. On the other hand, 
Scuupp and Botier*® conclude that variation at viscosities ordinarily 
used is so slight that effects of penetration are not as important as is usually 
imagined. 

(d) Setting Characteristics 


Sodium silicate adhesives set by loss of moisture. They form supercooled 
liquids in the sense that glass is a supercooled liquid. The final product 
is hard and glassy and does not devitrify appreciably with age but may be 
attacked by CO, or other acidic gases from the atmosphere. The dried 
anhydrous residue has the high tensile strength and brittleness of ordinary 
glass. However, the presence of the small amount of water present at 
otdinary conditions (Fig. 92) increases resilience. The silicate adhesives 
lose water quite readily even at high humidity and then change very slowly 
as the relative humidity is reduced over a wide range. Even at rather low 
humidities some resilience may be maintained by the incorporation of 
such materials as sugar, sorbitol, glycerin, sodium alginate, and natural 
and synthetic rubber latex. 

Silicates from 1Na,O, 3.3SiO, to 1Na,O, 3.9SiO, go through a stage of 
dehydration in which they may be bounced like rubber on a hard surface 
without cracking apart *. : 

Fig. 97 shows the rapid decrease in viscosity with increasing temperature. 
Woop ® has suggested the use of this characteristic in increasing the 
rapidity of set but little commercial use has been made of the idea because 
of film formation in open pans. This is caused by rapid loss of water at 
higher temperatures and the low rate of diffusion into the surface from 
the mass of viscous adhesive 1%. 

Because of its colloidal character the silicate solution becomes plastic 
at relatively high moisture content. It will break with a conchoidal fracture 
but given time will coalesce. According to BICcKERMAN 53, this defines the 
condition for set and ** STEFAN’s equation ceases to apply. The actual 
conditions at initial set cannot be determined exactly as they will depend 
on the temperature of the bond. However, there does seem to be a definite 
range in which the rate of change of viscosity increase is a maximum and 
here conchoidal fracture appears. For a 1Na,O, 3.3 SiO, solution this range 
appears to be at about 1.48 specific gravity (10.4°% Na,O) and approximately 


* Sec Chap. 3, section on elastic, plastic behavior. 
** Sce Chap. 4, section 11. 
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800,000 





POISES 


600,000 





Fig. 100. The viscosity rise 
of Na,O,3.32SiO, adhesive 
solution with increasing 
solids content at room 
temperature (WILLS). 





VISCOSITY 


400,000 







2.0 
SPECIFIC 


52 a 
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60 58 56 54 
WATER - IN Na,0- 3.22 SiO, SOLUTION - 


Fig. 101. Approximate weight of 
water which must be lost from 
sodium silicate adhesives at a given 
spread to reach inital set (con- 
choidal fracture) at room tempe- 
rature. (SiO, :Na,O ratios of 2.94, 
3.32, 3.92) (Wits and Sams). 


WATER TO BE LOST - LBS. 


2 lo IS 20 
SPREAD - LBS, 
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40,000 poises at room temperature. The rate of change of increase in 
Viscosity ceases to rise as rapidly but viscosity itself continues to rise more 
tapidly indicating a shift toward a plastic and eventually a glass-like 
structure (Fig. 100). 

Fig. 101 shows the water loss which is estimated as required to give an 





Fig. 102. The board torn over a crease shows a normal retention of the bond. The 
wide tear coverage is evidence of effective penetration and good shoulder formation. 


initial set for adhesives of a series of ratios and of varying spread assuming 
that the curve (Fig. 100) for the 3.3 SiO,: 1Na,O ratio is representative. 
It is evident that the loss required will depend on the ratio as well as the 
original concentration. 

Water loss required for set of sodium silicate is often confused with the 
loss required to reach equilibrium at room conditions. (Figs. 92 and 103). 
A comparison of Figs. 101 and 103 shows that not more than 2 of the 
final loss is required for initial set. This is considerably different from 
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the action of the usual organic ad hesives. They set in the presence of the 
original water content and the water is free to enter the laminated sheets. 


i2 
eo 
= 
‘ 
5 3.98 fe 
S 332 
8 
w 2 Yemen 
ao 
ze 
ig 
he 
$ 4 


: 


s 10 15 20 
SPREAD - LBS. 


Fig. 103. Approximate weight of water which must be lost 

from sodium silicate adhesives at a given spread to reach 

equilibrium at room temperature and 50% relative humidity. 
(SiO,: Na,O ratios 2.94, 3.32, 3.98) (WrLLs). 


(e) Resistance to Pests 


Since sodium silicate adhesives are exclusively inorganic and alkaline, they 
are not subject to growth of molds and fungi. They actually resist the 
onslaught of ants or cellulose destroying insects } and rats and mice usually 
show little interest in boards made with these stiff hard films. It has been 
reported that the addition to sodium silicate of certain fungicides such as 
sodium pentachlorophenate will protect that portion of the corrugated 
paper not wetted by the silicate 4, 

Silicious extenders to plywood glues prevented penetration beyond the 


first ply by limnoria, teredo, bankia. Pholads penetrate in greatly reduced 
numbers and are dwarfed 5, 


§ 6. ANHYDROUS SODIUM SILICATE 


While in general a silicate adhesive bond is somewhat hydrated there are 
cases in which the temperature is raised sufficiently to form anhydrous 
glass. For these cases it is worthwhile to include some references. 
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The thermal expansion of sodium silicate glasses from 0 to about 500° C 
is given by TuRNER and Winks °°. Table 34 shows the relation they found 
between thermal expansion and composition. The annealing temperature 
for such compositions is about 440° to 600° C. 


TABLE 34 


AVERAGE THERMAL EXPANSION FACTORS FOR 1% ADDITIONS OF Na,O 
FOR GLASSES CONTAINING 60 To 91.6 PER CENT SiO, 
(assuming SiO, to be 0.05 x 10-7) (TuRNER and Winks) 

















| 0-130°C | 130-250° C | 250-350° C | 350—Ct° 
Linear Expansion | 4.18 | 4.49 4.76 4.96 
factor x 10? 
Cubical Expansion 12.54 13.47 | 14.28 14.88 
factor « 10’ | | 








Taytor and Dear * found that Younc’s modulus of elasticity was 
independent of temperature and determined the relations between viscosity 
and temperature. 

Henpricks *8 discusses the structural elements of crystalline silicates 
based on a tetrahedral grouping of four oxygen ions around a central 
silicon ion. Closed growns, chain, sheet, and spacework patterns may 
result. 

SuN °9 discusses glasses. _,eneral and records coordination numbers and 
metal-oxide bond strength for glass forming ions. A good glass former 
must have a low coordination number in order to keep the bond strength 
high and prevent orientation. Since the Na-O bond strength is low introduc- 
tion of sodium loosens the structure of the glass. Presumably these factors 
have a relation to the adhesion to various surfaces. Adhesion to aluminum 
should be greater than adhesion to iron or bismuth but the bond strength 
of hydrogen and the heavy metals appears to range from about 40 to 70 kcal. 
with most about 50 kcal. Since adhesion to bismuth is much less than to 
iron the important factor is probably a failure in the metal-metal bond. This 
bond strength is lower for metals with higher conductivity and corres- 
ponding coordination numbers. The latter will vary according to the 
structure formed, i.e. crystal, glass or alloy. 

The surface of the metal is also of importance. Hutt and BuRGER o 
found that glass would wet only an oxidized surface. Ni and C in metal 
surfaces also resist adhesion by glass. Ni alloys may be degassed only with 
difficulty and the bubbles they let loose weaken the adhesion *. 


* Cf. Chap. 2 where the effect of polar substances on metal surfaces is discussed. 
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§ 7. REACTION OF SODIUM SILICATE WITH PAPER 


The interreaction of paper fibers with sodium silicate adhesive deserves 
consideration. A paper sheet is a complex system since it includes cellulose, 
paper impurities such as lignin and filler materials such as rosin, alum, etc. 

RowLAnp *! has reported the simpler system alkali-cellulose and shown 
that Na,O is taken up very rapidly initially and approaches a maximum. 
McLean and WoorTen ® have shown that cationic exchange is reversible 
and varies with the grade of fiber. It seems to depend on the lignin, lignin 
cellulose and uronic acid, etc. impurities present. Kraft papers are much 
more active than most pure sheets such as linen. Discoloration can be 
prevented by the addition of oxidizing agents to the silicate ®. 

The more complex and difficult system containing SiO, as ions and 
micelles has been touched upon. McBain 2? found that the adhesive 
composition was changed very little except for the loss of water when 
applied to a paper surface. Vari ® described the action, applicable to other 
alkaline colloids, as a sort of dialysis which leaves most of the SiO, and 
Na,O where it is laid down but some Na,O is carried off into the fibers 
by the water. This is neutralized to an extent depending on the condition 
of the fibers and other materials present.* 

Wey. * suggests that the silica reacts with the cellulose itself by hydrogen 
bonding and condensation. 

A number of patents have been obtained covering the impregnation of 
pulp and paper to increase such properties as stiffness, toughness and wet 
strength. Brrrr ® and WEXLER ® appear to be the first to give data showing 
a definite increase in wet strength through impregnation with either sodium 
silicate or a silica sol. The product of this absorption reaction is set by 
heating and the effect of as little as 0.1% SiO, is said to be noticeable. An 
increase in wet bursting strength from 0 for the untreated paper to 22 p.s.i. 
for the treated paper was recorded by WEXLER. 

Special surface treatments have been used to improve the resistance of 
the bond to soaking in water. Cationic exchange may explain in part the 
specific effect of aluminum in the Carrer process ® for water resistant 
board. The aluminum ion, the cheapest strongly charged ion, could replace 
hydrogen from cellulose in an aluminum chloride solution. The aluminum 
cellulose surface so formed could react with the sodium silicate to form an 
insoluble bond of aluminum silicate-cellulose having colloidal dimensions 
and therefore lacking the brittleness of crystallized silicates. The residual 
saree SPENCER® have found absorption of both Na,O and SiO, by a variety of 
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chloride ions could neutralize the sodium ions and prevent desizing of the 
paper. Perhaps such ions as calcium and magnesium are not capable of 
reacting with the cellulose but only with impurities and leave an alkaline 
solution free to attack or desize the fibers. 

Aluminum sulfate is not satisfactory unless chloride ion is also present. 
It has been suggested that free sulfuric acid parchmentizes the paper surface 
and prevents reaction of the silicate with the cellulose. 


§ 8. APPLICATIONS OF UNMODIFIED SODIUM SILICATE ADHESIVES 


Sodium silicate solutions react with most metallic ions and often form 
cementitious substances which are useful in an adhesive sense. However, 
this review is confined by lack of space to those uses in which the sodium 
silicate or the sodium silicate mixture acts as an adhesive primarily by loss 
of moisture and is present in a thin film. It refers mainly to the literature 
subsequent to 1929. The early literature has been summarized by Vari}. 


(a) Glass 


Many are aware from personal experience that liquid grades of sodium 
silicate may form such a strong bond between glass surfaces or between 
glass and wood or stone shelves that the cohesive strength of the base is 
exceeded rather than that of the bond and chunks of the glass or other 
adherend may be torn out. 

This bond is not resistant to water or to long exposure in saturated 
atmospheres when first formed but becomes more resistant by slow reaction 
with the glass or stone, etc. to form insoluble silica or silicates. An Na,O, 
2.9. SiO, solution has often been sold for the repair of ceramic ware. It 
has been observed for instance that such an adhesive sealed in a glass test 
tube will gel in about two years but it may be stored in an iron tube for as 
much as 30 years without an appreciable change in viscosity. 

Sodium silicate solution are difficult to remove if allowed to dry on glass. 
The use of acetic acid followed with hot water and polishing with fine 
abrasives has been recommended and an application of H,F, solution may 
be used if quickly rinsed off. It is much safer to use ammonium bi-fluoride ® 
and better results are obtained. A 3% solution of H,F, removed 1.5 mg 
per cm? of exposed glass surface per minute from eyeglass lenses while 
a3% solution of NH,HF, removed only 0.89 mg. H,F, removed 39 g of 
film in 60 seconds and left the surface cloudy whereas NH,HF, removed 
64 g in 70 seconds without cloudiness. However, fogging was observed 
at 120 seconds of exposure. 

The only recorded data on the tensile strength of bonds between glass 
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surfaces seem to be those reported in Table 30 *”. These tests used commer- 
cial adhesives of varied ratio. The maximum strength appeared to be at 
SiO, : Na,O ratio of 2.9 to 3.0 but there is no way of knowing whether all 
of the data were obtained under optimum conditions for the individual 
ratios. 

An interesting use is as the cement in the preparation of laminated glass 
sheets which resist dimming by the deposition of condensed water vapor ®. 

Na,O, 3.85 SiO, solutions extended with finely divided silica such as 
a gel or quartz meal have been found useful as a temporary cement for 
plate glass joints ” and for glass to metal bonds 7. The fine amorphous 
silica would tend to increase the ratio at ordinary temperatures while baking 
is required for the crystalline quartz which is insoluble in silicates more 
silicious than about Na,O, 2.7 SiO,. Etching or frosting the surface is 
usually advantageous. Ware *® made a permanently plastic adhesive for 
ceramic tile using a sodium silicate in the following composition. 


36 gals (136 1) 60° Bé Na,O, 2 SiO, 

160 lb (72.6 kg) asbestos fiber (stiffener) 

128 lb (58.0 kg) asbestine (filler) 

0.36 gals (1.36 1) sulfonated castor oil (surface active agent) 


The adhesive is applied to the tile which is then pressed into place. 

Watrers 72 found that the use of either spun glass or asbestos as a filler 
gave increased water resistance. This might be expected if the silica to 
alkali ratio was increased or some chemical reaction occurred when drying 
at a high temperature. 


(b) Metals 


The theory of the adhesion of sodium silicate glass to metal surfaces has 
been mentioned earlier. There seem to be no data on the wetting angles 
for the aqueous solutions on metals. The discussion on polar adhesives 
in Chap. 2 and on tensile strength of laminates in Chap. 4 should be reviewed. 

One of the most general uses for sodium silicate as an adhesive for 
metals is in sticking aluminum foil to paper both for cigarette packages 
and for insulation board 73, | 

Difficulties which are sometimes encountered in forming a strong bond 
with aluminum may be traceable to dirty or passive surfaces. Rojas seg 
found that the metal could be cleaned with a detergent such as a dilute 
sodium silicate solution (5—10°Bé) or electrolytically, or by heating 
carefully to promote the formation of a clean active oxide surface. He then 
applied a layer of 40° Bé sodium silicate to the aluminum and sometimes 
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to the paper sheet and set the bond under gentle pressure and heat. He found 
that best results in the “cementing step are obtained with a relatively rough 
surface composed of innumerable pits and craters, and it appears that upon 
removal of gases, dirt and grease .. . the surface is so modified that union 
between the silicate glue and the metal occurs along the various ridges and 
crevices and a strong interlocking bond is attained thereat.” 

In some cases the viscosity is raised to as high as 41 poises by the addition 
of organic material such as carboxymethylcellulose, algin or sodium 
acetate “*. These additives also usually increase flexibility‘in the bond. 
The adhesive is applied to the aluminum foil in streaks and must be chosen 
to avoid clogging the spray nozzles or attacking the foil under humid 
conditions, and to have adequate flexibility when forming the package. 

In general a tacky viscous Na,O, 2.9 SiO, solution is preferred. If high 
drying temperatures are used, powdered silicates and clay may be incor- 
porated. 

LacHMAN * used rosin-soluble silicate compositions as adhesives for 
laminating aluminum sheets. 

Similar adhesives have been used to apply sheets of copper to walls and 
ceilings and for laminating plywood to sheet steel or lead for X-ray rooms. 

To overcome the difficult problem of applying polyvinyl halide to metal 
BENSON 7” first coated the metal with soluble silicate and then pressed on 
a layer of fabric. The composition was then coated with the polyvinyl halide. 

Metal clad fire doors are bound to an asbestos core with a sodium silicate 
such as Na,O, 3.3 SiO, specific gravity 42° Bé 78. Stainless steel would 
be preferred where high humidities are encountered. On ordinary iron and 
steel, glavanized zinc and red lead coatings instead of giving protection 
react with and thus reduce the protective action of the sodium silicate. 

Another interesting use as an adhesive is that described by Vari}. Minute 
watch screws are positioned in a polishing head by drawing them into 
holes with a partial vacuum and then. coating the head with a viscous 
silicate. This holds the screws in proper position until they can be polished. 

Rock bits are hardened by facing the teeth with particles of tungsten 
carbide. The tooth faces are coated with sodium silicate as an adhesive for 
the tungsten carbide particles which are sprinkled over the surface. The 
particles are thus held in place while they are fused onto the metal base 
with heat from an oxyacetylene flame ”. 

This use is somewhat similar to the process described by MircHe.t *° 
for forming a chromium alloy surface on a casting. Sodium silicate was 
used to bind chromium metal granules to the inner surfaces of the mold 


before pouring. 
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(c) Wood 


It has been shown that sodium silicate when properly used may furnish 
as high strength bonds for wood as does animal glue. The silicate is cheap 
and easy to apply. The major drawbacks to a larger use are the tendency 
to dissolve when wet and a lack of flexibility. 

Plywood for temporary service, such as box shooks made from gum 
and poplar wood or for boxes used in the tea and rubber trade may be 
made with sodium silicate *. 





Fig. 104. The manufacture of plywood shooks for shipping cases. 


Browne and Brousr ®* have indicated that a strength of the “same 
magnitude as animal glue” may be obtained if the sodium silicate is used 
at a viscosity high enough to avoid running into the interstices of the wood. 
In their work they used a pressure of about 200 p.s.i. The low values foutid 
by McBAIN éf a/. ?? were traced to starved joints which resulted from too 
great dilution of the silicate adhesive. Penetration depends on the size and 
numbers of the pores in the wood, pressure exerted in assembling and the 
fluidity of the adhesive. : 

Vaix ! describes the equipment and technique which is often used in the 
cold process. In brief, a two roli glue spreader is used to carry the adhesive 
from the pan onto opposite sides of the center sheet of a 3 ply veneel 
85-90 pounds per 1000 sq. ft. (0,041 ke—0,044 kg/100 cm’) is applied to 
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each side. The adhesive is usually Na,O, 3.22SiO,, 41° Bé solution but 
contrary to a general impression a higher concentration may allow a 
longer working period because the tack will hold the plies in contact. The 
center sheet is layed crosswise of an outer sheet and again two more sheets 
placed on top. The process is continued until about 30 sheets of plywood 
have been piled up. They are then put into a press and allowed to stand, 
preferably overnight. Pressure applied may be from 60 to 200 p.s.i., and 
piles should be put into a press within 20 minutes after the first center is 
layed. No attention need be paid to ventilation as the loss of moisture into 
the wood is sufficient to set the bond and to allow cutting. 

The hot press method uses either dry or wet veneer. The plates are 
heated and only one or at most a very few panels are inserted between the 
hot plates at one time. 

A corrugated plywood which is stiff when the corrugation is parallel to 
the grain can be formed by laminating a paper sheet to a thin wood strip 
using a mixture of sodium and potassium silicate with glucose, calcium 
carbonate and a sulfonated fatty oil. This wet laminate is fluted on a hot 
roller and glued to flat wooden webs. Glue on the tips is set on a hot plate 
as in the manufacture of corrugated paperboard ®°. 

CARTER made a study of the effect of age on the bond strength with maple 
blocks 1. He found a rapid drop in strength from about 900 pounds down 
to about 350 pounds in the first eight months. Thereafter the strength was 
constant for at least 4 years. If the initial drop in strength is due to reaction 
with absorbed carbon dioxide and a gradual granulation of the colloidal 
film as is suggested, it is difficult to understand why the bond did not 
continue to deteriorate. Exposure to water will also cause a rapid reduction 
in strength. CARTER *% has indicated means for increasing the resistance to 
water and high vapor pressure and also preventing staining of the wood 
by the alkaline sodium silicate solution. Staining may be avoided by first 
coating the surface with various reactive salts such as iron chloride, barium 
chloride, calcium chloride or preferably magnesium chloride. Coating with 
ammonia or ammonium salts is also practical. In a later patent ® he dis- 
covered that aluminum chloride not only prevented staining but also pro- 
vided a highly water resistant bond. 

There are a number of protein silicate mixtures described in section 
16 c of this chapter which also have high resistance to water. 

Dovetailed wooden boxes are glued by first dipping the ends in silicate 
of soda and then setting in place. Trunks and trunk trays are often made 
by gluing a layer of vulcanized fiber * to the base wood. In some cases an 


* Vulcanized fiber is paper treated with ZnCl, and steam under pressure. 
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intermediate paper ply is used and in others the adhesive film is allowed 
to dry tack free and then combined with the vulcanized fiber in a hot 
press. The fiber is then varnished to increase its resistance to moisture. 

Various insulation masses are used in which the sodium silicate acts 
both as binder for the fibrous fillers and as adhesive to the base *. 


(d) Paper 


The major volume of silicate adhesives is used on paper. The specific 
effects are covered in Sections 7 and 9 but one interesting use of a paper 
or treated paper adherend is in forming abrasive coated fabrics (sand paper). 
A layer of adhesive is applied to the surface and granules of quartz or 
other abrasive are pressed into the surface before drying *. 86, Where 
calcium carbonate is used to increase water resistance, a 1Na,O, 2.0 SiO, 
silicate of soda is preferred, but the more siliceous ratios are more resistant 
to aging and protective coatings may be applied 87. 
RICHMOND *8 suggested a water resistant stable composition of 


5 Ib. (2.268 kg) asbestos cement 
0.5 lb. (0.2268 kg) ZnO 

1 gal. (3.785 1) sodium silicate 

4 oz. (0.113 kg) glycerin 

0.25 lb. (0.1134 kg) rosin 


and Roster ** advanced a mixture of soluble silicate and aldehyde urea 
composition hardenable by heat. 

Where “blooming” (formation of a white film of crystallized sodium 
salt) is objectionable, potassium silicates are recommended. 


§ 9. CORRUGATED PAPERBOARD 
(a) History 


The history of corrugated board begins with the patent Lonc © obtained 
for the production of a single face corrugated type of board. The patent 
by THompson * is also important because it is the first to show the applica- 
tion of the adhesive to the flute tips only. Through nearly all of this 
interesting and revolutionary development described by BETTENDORF 7 
sodium silicate has been the principal adhesive. 

It has been and still is the most efficient and economical adhesive used 
in making corrugated boxes. It can be used as received in large tank cars 
or drums. The cost of mixing and the possibilities of human error involved 
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in the preparation of adhesives requiring mixing in the box plant are 
eliminated. Where freight cost makes the shipment of the liquid grades 
uneconomical solid grades may be shipped and readily dissolved in the 
plant by the use of pressure dissolvers. 

By far the largest industrial use of sodium silicate as an adhesive is in the 
manufacture of corrugated paper board boxes for the manufacture of shipping 
containers. This production has grown figuratively by leaps and bounds 
in the last half century of industrial development in the United States as 
the following statistics indicate %, % *, 


Total Paperboard Portion as 
(tons of 2,000 Ibs.) Container board 














1899 about 400,000 

1929 about 4,250,000 2,000,000 
1945 9,796,995 5,527,676 
1946 10,525,813 5,835,068 





The average rate of production of corrugated paperboard has increased 
rapidly from about 10 feet per minute in 1895 until today there are records 
of production at the rate of 550 fpm. (see Table 39). 


(b) Paper, Specifications and Tests 


Container board which is the paper board made for the corrugated and 
solid fiber shipping container industry may be divided into the corrugating 
medium, liner board and chip board %. 

Corrugating materials are usually 0.009” thick (9 pt.). The principal raw 
materials in the United States are now straw and kraft. Chestnut is passing 
and bogus are now more often encountered. 

Liner boards are usually 0.010 to 0.030” thick, ze. 10 pt. to 30 pt. 
Fourdrinier kraft and jute are most often used but all-sulfate and filled 
sulfate kraft are widely used also. ; 

Fiberboard boxes are usually made to meet definite specifications such 
as those of the Britsh Standards Institution, London and in the United 
States the Consolidated Freight Classification Rule 41%. 

QuINNn % in an article, Basing of Container Standards Upon Performance 
outlines the trend to performance testing of paperboard and paperboard 
boxes. He lists as the most necessary tests tear strength, crush resistance, 
burst or puncture, and the drop test. Later he has advocated the use of 


* Statistics and descriptive material apply primarily to U.S.A. and may not parallel 
European practice. The equipment is largely the same but data are not as readily available. 
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the drop test, the inclined plane test or the revolving drum depending 
on the contents of the box and the usage it is likely ro endure. 

Standard methods of testing are being continually revised and new 
methods developed. Those tests already standardized may be found in 
w the publications of the 
ASTM, “BS. yeas 
Other methods though 
often used are less well 
standardized %. 

The MuLLen or Capy 
burst test has been the 
standard for many years 
and so much control data 
have been obtained that it 
is difficult to dislodge this 
test in spite of the lack 
of precision in results 
obtained with it. The 
Institute of Paper Che- 
mistry % 1° recently has 
made a detailed study of 
the method and found a 
number ofimportantvaria- 
bles which are not usually 
pee Ne controlled. 
mange | % a The BrEAcH  punture 
. ae tester 101 has been accepted 
corrugated paperboard used in inctrument sheen 19 PY af increasing number 

Fig. 94, of testing laboratories. In 

this test instead of expan- 

ding a rubber disc as in the burst test, a spear-head simulating a box corner 

is driven through the board. There are indications that this test may 
correlate with performance data. 

LirrLe ?°? has accumulated data ‘“‘which indicates that the top to bottom 
compression resistance of box shapes may be predicted with reasonable 
accuracy from two separate properties of the corrugated board: (1) the 
compression strength when bending is reduced to a minimum, and (2), 
the stiffness factor (EI) expressed as the product of the modulus of elasticity 
and the moment of inertia.” MCCREADY 103 CARLSON 194 and QurINn 105 
have also studied such relationships. i 
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A number of laboratories including the Shipping Container Institute and 
the Institute of Paper Chemistry are carrying out detailed programs to 
determine which performance tests are most useful in judging the value 
of a fiber shipping container. pee 


(c) Manufacture of Corrugated Board 


The literature describing production methods has increased greatly both 
in quantity and quality in the last 20 vears. The essential methods are stil] 





Courtesy Samuel M, Langston Co.) 


Fig. 106. Double deck 85 in. corrugating and single face unit with 
double-backer in far background 
the same as those described by Vart 1. However, mechanical improvements 
in the machines and steam systems have allowed machine speeds of over 
500 fpm and the introduction of preheating rolls, glue circulating systems, 
corrugator roll lubricants, etc. have helped the paper and glues to keep up 
with the increased speeds. 

Sodium silicates are particularly adapted to high speed practice as they 
wet rapidly, set quickly with low moisture loss, and require comparatively 
little heat input. These advantages are found most effectively in the mixtures 
with clay. High speed operation has also introduced the need for careful 
technical service by the adhesive manufacturers and a great advance in the 


technique of operation 10, 107 
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A brief description of the use of an ordinary silicate adhesive will explain 
the process of manufacture. A common machine such as shown in Fig. 106 
first forms flutes or waves in the 9 pt. straw paper by steaming the whole 
surface with a contact type shower and passing the paper thus softened 
over a fluted brass steam-heated roll. Silicate is applied immediately to the 
flute tips by a glue roll and 
a sheet of liner is pressed 
tightly in place within a 
fraction of a second. The 
pressure in the pressure 
type machine is of the 
orderof150p.s.i. The bond 
forms nearly instantane- 
ously and this single face 
sheet is passed over a 
drying “bridge” to the 
“double backer” glue sta- 
tion. The glue roll clear- 
ances are set carefully to 
give an adhesive spread 
of about 7 to 10 Ibs. per 
1000 sq. ft. At the “Double 
facer” glue station, the 
adhesive is applied to the 
opposite flute tip and 
pressed onto the second 
liner with a continuous 


belt weighted by iron (Courtesy Samuel M. Langston Co.) 

; Fig. 107. Cut-off section of 85 in. double face corru- 
tolls to give a Pressure gated board machine showing hot plate and cooling 
about i of that at the section in background. 


single face. The adhesive spread is usually a little higher to take care 
of irregularities in the sheet-and about 10-12 pounds per 1000 sq. ft. is 
recommended. 

The silicate spread required will depend on the related factors of adhesive 
viscosity, composition, paper structure and moisture content, and machine 
conditions. The proper adjustment of each of these for highest efficiency 
is a matter of engineering ability and experience in production. Generally 
the total spread will be 16-24 pounds per M (1000 sq. ft.) (78-117 kg per 
1000 sq. meters) for A flute and 15-30% higher for B flute double face 
board. A heavy board requires somewhat more adhesive. A 20 or 25 % 
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increase in spread over the minimum required by the machine, and close 
supervision will more than repay its cost by a significant improvement in 
board strength. 

The bond is set by passing it over steam heated plates — the “hot plate 
section”. This is neces- 
sary because of the 
higher spread and lower 
pressure at the double 
facer. A cooling or 
curing section serves to 
confine the moisture 
previously transferred 
from the adhesive by 
absorption into the 
liner and medium. 
This confined moisture 
reaches equilibrium 
throughout the three 
sheets of paper and 
therefore tends to sta- 
bilize dimensional chan- 
ges which frequently 
cause warp and other 
handling problems. The 
continuous sheet then 
reaches the ‘“‘cut-off’” 
where it is chopped into 
“box blanks” of con- 
venient size. These are 
stacked to cure and 





Fig. 108. Laboratory control and study of hot sodium 
silicate-clay adhesives is carried out with a recording overcome any tendency 


Mistograph. to warp. 


(d) The Silicate Adhesives commonly used 


The tendency today is toward adhesives which will wet rapidly and yet 
set quickly with a minimum transfer of moisture to the paper. This has meant 
a tendency to use more silicious solutions such as Na,O, 3.4 SiO, and 
higher, more concentrated liquid phases, starch and clay content, and hot 
adhesives in the glue pan. By a judicious use of these factors, along with 
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preheated board, an almost instantaneous “flash” set can be procured 
which will give a satisfactory bond without increasing the length of the 
hot plate and cooling sections. In fact these sections may be reduced in 
length if desired 1°. 

In general the advantages of sodium silicate adhesives for corrugated 
paperboard production are claimed to be the fast set because of low heat 
and moisture loss required for initial set, a lower spread, less warp and less 
washboarding, and a firmer and drier board at the take-off allowing more 
rapid use in subsequent operations. 

The bulk of silicate-laminated container board is produced using the 
straight sodium silicate which has been designed empirically to give 
acceptable performance on both the single facer and the double backer. 
This depends primarily on maintaining the proper viscosity, and the liquid 
grades of silicate are controlled very carefully within the specified viscosity 
limitation by the manufacturers. The choice between 31° Bé Na,O, 3.3 
SiO, solution and 39.7° Bé Na,O, 3.5 SiO, solution appears to depend 
largely on individual preferences and manufacturing conditions. Both 
silicate solutions are controlled in viscosity to permit the lowest possible 
penetration into the fibers before sufficient heat can be transferred into the 
liner. Build up of the adhesive on the fingers or rolls usually sets a maximum 
operating speed of about 225 fpm for pressure type single facers. On non- 
pressure single facers and double backers the maximum speed is set by the 
approximate 15 seconds required for initial set and allows speeds up to 
about 300 fpm to 400 fpm depending on the length of the hot plate and 
cooling section. 

These straight silicate adhesives prove most satisfactory at moderate 
speed and with uniform paper. When heavy liners are used such as 30 or 
23 pt., or double wall combinations are required, speed must be reduced 
greatly to provide the necessary heat transfer and proper equilibrium. 
When damp board or board which is more absorbant than usual is used 
penetration may be extensive and require a flooding of the glue line which 
results in a brittle board. Such board is also more liable to staining. 

The single facer can use a thinner silicate than the double facer. This 
practice allows the transfer and corrugating rolls to be set closer. It also 
reduces build-up and wear on the fingers, provides better coverage of the 
finger gaps and less skin formation in the pan. A dual adhesive system 
therefore improves the uniformity of the glue pattern and allows higher 
speeds. The ordinary Na,O,3.2 SiO, solution is diluted to 37° or 40° Bé 
for use on the single facer. A controlled jet of water automatically provides 
the proper dilution. The heavier, more viscous gtade of silicate used on 


References p. 344 


9 CORRUGATED PAPERBOARD 311 


the double backer provides reduced spread and decreased penetration. The 
faster set, particularly on heavier board, improved adhesion and lower heat 
requirement results in colder, flatter and smoother board at the take-off. 

Addition of clay to a diluted sodium silicate can produce an adhesive 
of slightly reduced moisture content and with more positive control of 
penetration and set. It can be 
used on either or both the single 
facer or double backer and 
allows combination of double 
wall board, or 30 pt. liners at 
higher rates of speed. 

Not all of the many advan- 
tages reported are found by 
every user but the following 
have been suggested. The lower 
moisture content may mean 
20% lower moisture loss re- 
quirement for set. This may 
allow as much as 25% increased 
machine speed and lower heat 
input into the drying section. It 
may result in shorter setting 
times permitting more rapid 
use of the product and the use 
of more fully automatic equip- 
ment. Papers with higher mois- 
ture content or papers below 





standard for other reasons may Fig. 109. Mixing unit for the manufacture 

: of sodium silicate-clay adhesives showing 
be used to better advantage. The the mixing pump and storage tanks for 
lower alkali content of such continuous preparation. 


adhesives limits staining of blue 
or green dyes and mechanical pulp. Cases of satisfactory storage of finished 
board for over a year have been reported. The better bond, flatter board, 
avoidance of “washboarding” result in reduction of waste. These and the 
change in adhesive properties may result in economy of consumption and 
decreased build up on fingers and plates. A reduction in spread from 
17-18/M to 11-12/M has been reported. 

The greatest influence of the clay addition is on the rheological charac- 
teristics of the silicate solution #3. Houwrnx ! has reviewed the fundamental 
properties of clay dispersions. Without clay the solutions behave 
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essentially as truly viscous liquids. With clay they exhibit marked 
plasticity as shown in Fig. 110 *4. In Fig. 111isshown the effect on gelstrength 


> 


RELATIVE SHEARING RATE 
ro ow 


3 a 5 6 T } 3 10 
RELATIVE SHEARING STRESS 


Fig. 110. Plasticity of suspensions of Kaolin clay et Boe in sodium 


silicate adhesive solution as shown by the relation o 
shearing stress (BOLLER, LANDER and MOREHOUSE.) 
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shearing rate to 


measured in mm of increased 
length of a Jolly balance 

37° 135? Be’ when a constant speed motor 
was used to lift a wire screen 
through the adhesive solu- 
tion 49, 

Clay-silicate mixtures may 
be prepared by the supplier 
or in the individual plant by 
the use of a high pressure 
pump which discharges the 
liquid silicate through a noz- 
zle. This nozzle draws clay 
from the charging hopper 


Fig. 111. Increase in gel strength 

of suspension of Kaolin clay in an 

20 30. «©—sNNa,O, 3.32SiO, adhesive solution 

at room temperature and a final 

% CLAY gravity of 35° and 37° Baume as 
measured with a Jolly balance, 


9 CORRUGATED PAPERBOARD 313 


and develops a strong mixing action which effectively disperses the clay. 

Carefully prepared clay-silicate adhesives show very little settling or 
“bottoms”. They can be shipped over long distances and stored for as long 
as a month or even more. If desired however, the clay can be protected 
against settling by incorporating an alkali metal soap, e.g. 0.05%%—0.10% 
for 7% to 10% clay. If too much 
soap is used, a creaming will 
result 4 but with proper prepara- 
tion, no separation occurred in 
about two months. 

The preparation and properties 
of the commercial clay-silicate 
adhesives are described in patents 
to Vari and BAKER !° and BoLLER 
and ReEMLER#!, Vari and BAKER 
found that the preparation of the 
initial dispersion could be made 
easier by first adding peptizing or 
deflocculating agents which might 
be a small percentage of sodium 
silicate, such as 0.1 to 10% of the 
clay-water mixture. This latter 
might contain 60% of clay. The 
bulk of the sodium silicate could 
then be added to the clay dispersion 
without causing flocculation of the 
clay if suitable mixing was provi- 


Fig. 112. Plant control of the viscosity of ded. This method triples the 
sodium silicate-clay adhesives using a viscosity and quadruples the gel 


Bese funnel eR RO eo strength and reduces the settling 
of the clay to 0.10 compared to a 
clay-silicate prepared without preliminary deflocculation. 

They also stated that the adhesive could be improved by a short heat 
treatment at from 50 to 165° C. This would bring about partial solution 
of the more reactive portions of the clay giving a more stable suspension 
and reducing the clay necessary to give the proper characteristics. 

Var and BAKER form the silicate-clay adhesive as “a substantially stable 
suspension having an aqueous phase with the viscosity falling on the low 
viscosity side of the ‘knee’ of the viscosity-specific gravity curve’. (Fig. 95). 
They used the more dilute liquid phase to wet heavily sized water repellent 





References p. 344 


314 INORGANIC ADHESIVES: SODIUM SILICATE CH. 6A 


surfaces more rapidly. A clay content of less than 20% was used to increase 
the thixotropy and thus decrease penetration. 

“The viscosity and gravity of the resulting adhesives can be adjusted 
within proper limits by properly choosing the clay, by control of the 
amount of clay added and by varying the concentration of the silicate.” The 
finished adhesive should have a viscosity of 140-180 cp for best results but 
as high as 250 cp has been used. They also suggest that the adhesive should 
have a filtration volume * within the range of 4-15 cc. *4 4, Such adhesives 
allow control of penetration and are less sensitive to the moisture content 
of the paper. 

A representative composition was given as 400 pounds of water mixed 
with 5 pounds of 41° Bé Na,O, 3.22 SiO, solution. 550 pounds of china 
clay were dispersed therein and subsequently 5,545 pounds of the same 
sodium silicate solution were added with constant stirring. This produced 
an adhesive having an apparent viscosity of 140 cp and a filtration test of 9 cc. 

The clay used should usually be kaolin, 97% through a 325 M screen. 
It must be readily dispersible in concentrated sodium silicate solutions and 
the viscosity of the mixture should not increase more than 20 centipoises in 
one month. Materials which react chemically with the silicate will result 
in marked increases. 

The adhesives of BoLLER and REMLER!"! are essentially similar. Their 
method was to add a clay water dispersion to a rotary pressure dissolver 
containing the required amount of sodium silicate glass, clay and water 
to give 3-15% clay. Temperatures in the range of 138-145° C (50-60 
pounds gage pressure) should be used. 

Boer and REMLER determined a yield value, a coefficient of mobility, 
a thixotropy ratio, and a stability ratio to characterize their products. 

A representative adhesive contained 4.1% clay, 26.7% silicate solids, 
and had a stability ratio of 1.5, a yiéld value of 32 dynes/sq. centimeter, 

















| Force of separation 











Time Prepared Ordinary 40.5° Bé 
Adhesive Na,O, 3.22 SiO, adhesive 
30 seconds 25 oz 24 oz. 
tLe oe D420. 30 
90, 37 ,, ke 
120.- 38. ct ae 
180 | sia 38. 








* Filtration volume is determined by measurin i 
C2 g the effluent of 40 ce of th 
in 24 hours using a No. 40 Whatman filter paper in a long teria 60° feces 
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a mobility of 0.33 Rhes and a thixotropy ratio of 1.3. The rate of set of 
this mixture, determined by the force in ounces to pull a liner 3” wide from 
a cotrugating medium of the same width after a specified time, was compared 
to a normal silicate adhesive. 

With the straight sodium silicate a water loss of 15% is necessary for 
initial set. This is just sufficient to permit slitting, scoring and handling 
at the take-off and the final bond is obtained during seasoning in the pile. 
As a comparison, the average 10 pounds of sodium silicate used on the 
double backer must lose 1.5 pounds of water for initial set before reaching 
the take-off; the cold silicate clay mix requires only 124° moisture loss 
or about 1.4 pounds for initial set #; the hot clay silicate mix requires a 
loss of only 7.5 to 10% for initial set or less than 1 pound before reaching 
the cut-off. 

Much of this loss with the hot clay-silicate adhesive is a “flash” evapora- 
tion occurring as the adhesive is applied to the board. This flash is not 
obtained until the temperature of the adhesive is about 150° C or higher. At 
185° F the flash may be nearly 5%. These clay-silicate mixtures used hot 
are very viscous at room temperatures but have the proper working 
viscosity at the temperature of use. The addition of clay not only aids in 
the handling characteristics and reduction of moisture loss but also makes 
it possible to use a more dilute liquid phase which lessens the tendency to 
skin on the rolls and in the pan. 
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Fig. 113. The relationship of viscosity, temperature, and clay content in a sodium 
tices adhesive with an SiO,: Na,O ratio of 3.4 as determined by a Brabender 
Viscograph (KREYLING). 
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At temperatures of above about 170° F the viscosity of these adhesives 
again begins to rise (Fig. 113). This viscosity increase appears to be rever- 
sible. Advantage may be taken of the viscosity rise by using liners which 
have been preheated to the usual temperatures of 230° F or thereabouts. 
By a combination of flash evaporation and increased viscosity at higher 
temperatures an initial set may occur, theoretically, without appreciable 
loss of moisture into the liner boards. Long hot plate and cooling sections 
are not required to produce a flat board ready for the subsequent operations 
of box production. 

The hot clay-silicate where applicable has the further advantage of 
substantially increasing the speed while maintaining a better bond. For 
instance 30 pt. and double wall combinations may be manufactured at 
rates usually obtained only with regular test board. Substantial reductions 
of hot plate and cooling sections may be made and yet permit fully automatic 
handling. One of the major advantages is that the board calipre may be 
increased by 0.003 to 0.080” because of the reduced crushing of the flutes 
under the weight of the rolls. The drier boards better resist such loads. 
The increased calipre permits sharper scores and results in straighter 
folds. 

Advantages of the hot clay-silicate system may be utilized by a box 
maker who binds substantial amounts of heavy calipre or double wall 
board or who has a serious warp or folding problem. Alternatively he must 
be willing to make the mechanical changes necessary to increase production 
substantially 108. 


(e) Engineering Characteristics of a Good Bond 


The picture of a man standing on a completed box (Fig. 114) made with a 
silicate adhesive six minutes after-the liner and corrugating medium 
were fed into the single face station illustrates very graphically the 
rapid formation of a strong bond. 

McCreapy and Karz"? show that boxes made with silicate of soda 
adhesive may well be 10 or 15% stronger than those made with com- 
petitive adhesives. “The only differences in the fiber board and the boxes 
were in the type and amounts of adhesive used.” They summarized 
the pertinent test data as shown in Tables 35 and 36 and as follows: 

“1. The MUuLLEN test of fiberboard does not evaluate the board 
in a way comparable to the compression strength of boxes made from 
the board. The reverse is indicated in these data, in that the boards 
having the greatest MULLEN test values produced the weakest boxes. 
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2. The structural tests on the fiberboard, that is, evaluations by column 
and beam loading, vary in test values in a manner similar to the com- 
pression strength tests of the boxes. The values obtained with these tests 
on fiberboards are indicative of the compression strengths of the boxes 
made from the boards. 


3, The four boards made with silicate 
adhesives and the boxes made from 
these boards were, structurally, consi- 
derably stronger than the similar boards 
and boxes made with the starch adhesive. 

4. The use of heavy applications of 
silicate adhesives increased considerably 
the structural strength of the fiberboards. 
No equal benefits resulted from the use 
of heavy applications of the starch ad- 
hesive. 

The structural data obtained on the 
corrugated boards have been theoreti- 
cally correlated with the structural pro- 
perties of boxes. The modulus ofelasticity 
of fiberboard, which is an expression 
of its stiffness, has been used to predict 
the compression strength of boxes, with 
sufficient success so that the modulus 
may be considered to be indicative of 
box strength.” 

In a later paper McCreapy !% gives 
the results of the series of tests on the 
Fig. 114. A corrugated box six stiffness of comparative board. (Table 37). 
a “ie Brass ala ae He says, “The influences (on stiffness 

factors) of the adhesives were revealed 
and in most instances the adhesives appeared to have greater influence 
on the physical properties of the corrugated board than any other factor 
with the exception of poor fabrication.” 

“In the formulation, of most structures the modulus of elasticity and 
moment of inertia are found together as EI, which in this combined form 
may be considered as a stiffness factor... it may be used as a means of 
evaluating fundamental physical properties of corrugated board fates 
the boards made with silicate and silicate-clay adhesives in most 
instances had about the same stiffness, and the boards made with either of 
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TABLE 35 


PROPERTIES OF “‘A” FLUTE CORRUGATED PAPERBOARDS AND BOXES TESTED 
BY MCCREADY AND KATZ 











Structural Tests on Paperboard 
| Beam Loading 














sg Shae | Deflection 
Board- MULLEN Strength o Column | Breaking 
adhesive Test Boxes, lb. load load |#* Sot a 
application Ibs/in.? Top to hind lbs. lbs. 2.8 Ibs/in. 
Bottom End 
Silicate-Normal | 226.8 1021 765 171 4.9 0.431 
Silicate-Clay-Normal 232.6 1082 777 194 pa 0.413 
Starch-Normal | 243.6 916 729 153 4.5 0.546 
Silicate-Heavy 210.2 1229 794 209 oo, 0.387 
Silicate-Clay-Heavy 219.2 1074 787 222 re nee 


Starch-Heavy | 244.7 899 677 161 


Tests on paperboard at 70° F and 50% Relative Humidity. 

MULLEN tests single face up. 

Column Tests — 4’’ x 4’’ samples; corrugations vertical. 

Beam tests — center loading, 3’’ x 12’’ beam, corrugations parallel 
to beam length, single face up. 


the silicate adhesives were stiffer than the boards made with starch ad- 
hesives.”’ 

The effect of the adhesive on the critical load is shown in Fig. 115 for 
a kraft-straw combination in a column test with corrugations vertical. 


TABLE 36 


EXPERIMENTAL AND COMPUTED COMPRESSION STRENGTH OF CORRUGATED 
PAPERBOARD BOXES (McCREADY AND KATZ) 

















ey : Computed Strength [ : 7 
Board in Pounds Experimental 
: Column Beam years 
Adhesive Application Modulus = Modulus top to bottom 

Silicate normal 1021 1021 1021** 
silicate clay “a 1115 1063 1082 
starch a 910 817 916 
silicate heavy 1235 ' 1030 1229 
silicate clay - 1324 1160 1074 














starch 7 965 790 | 899 





* Box Compression Strength Data from D. L. Quinn Company, Chicago, Illinois. 
** This board was used as the standard. 
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Flexing tests showed that where board was properly formed “those 
boards manufactured with silicate and silicate clay adhesives withstood a much 
greater number of flexes.” ‘““The 
results of the flexing test indi- 
cate that the fatigue resistance 
of corrugated fiberboard is clo- 
sely related to ultimate strength. 
The separate test pieces gave 
widely varying results and it is 
considered that flexing tests 
magnify the effects of poor 
fabrication.” 

Table 38 gives data obtained 
with well formed sheets. 

In line with the data of 
engineering value * obtained by 
McCreapy and Karz 1! is the 
information on the actual bond 0 
structure as shown by ScuHupp 
and Bo.ier 5! and BOo.ter, 


LANDER and MoreHouseE *4, Fig. 115. A comparison of the critical load 
withstood by columns of “‘A”’ flute board with 


Both papers show pictures of vertical corrugations when bonded with normal 


150 


8 
° 


CRITICAL LOAD - POUNDS 
a 
°o 
Me 


2 4 6 8 10 2 
COLUMN LENGTH - INCHES 


good and bad bonds and discuss spreads of: 
f ae, @ commercial sodium silicate adhesive (3.3 
the reasons for the differences SiO, : Na,O and 41.5° Bé at 60° F). 


observed. BOLLER et al., Fig.116, X a suspension of Kaolin clay in a sodium 
se : h silicate solution of the same ratio. 

shows Photomicrograp S ta- Oa standard starch mixture used as a corrug- 
ken at magnifications of 22 and ating adhesive. 

> «6 . (D. W. McCreapy). 
144”. “In general its strongest 
bonds are those which approach closely the configuration shown. . .” The 
thick layer at either side of the contact bond is called a shoulder. The thin 
portion extending along each paper surface beyond the shoulder is a 
reinforcement. The shoulders sometimes are hollow forming a truss 
structure. In any case it may be concluded that a ~cll formed bond has 
characteristics of an engineering structure designed to give the greatest 
possible support to the flute and the bond. The width of the adhesive 
strip should be from 1 to 2 mm and penetration should be about 0.0025 
to 0.0050 mm (0.001 to 0.002”). Greater penetration usually accompanies 
loss of shoulder formation and results in a brittle bond. Use of excessive 


* Refer also to Chap.4, sections 5 and 11 fora mathematical discussion of stress relation- 
ships in bonds formed with flexible adherends. 
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spreads to compensate overpenetration may, under favorable circumstances 


of storage, result in staining”’. | 
“When corrugated boxes are subjected to compression tests, the failures 

: 

invariably start at the breaks or points of weakness in the adhesive bond.” 





Fig, 116c. Eig, 116d 


Fig. 116. Fresh silicate bond sectioned in Canada Balsam. a—b: Double backer bond 

with silicate adhesive between corrugated and flat sheets. c—d: Single facer bond with 

silicate. Corrugated member depressed below liner surface. (BOLLER, LANDER and 
MOREHOUSE). 


Points of weakness of the bond may be traced to improper machine 
adjustments which do not permit the formation of complete glue lines of 
the required structure. 

Such matters of operating technique affect all adhesives and can be 
controlled by adequate training of the operators. Build-up on the hot plates 
also can be minimized by proper control and can be made of small moment 
by the addition of specific organic materials such as rosin-maleic anhydride 
condensation products, triethanolamine or alkyl aryl sulfonates "8, 
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TABLE 37 


STIFFNESS FACTORS EI DETERMINED BY McCREADY FOR 1’’ WIDE COLUMNS 
WITH VERTICAL “A” FLUTE CORRUGATED BOARD 


oe 4" | es | ran : es : 














pilicate * | 62.7 | 91.0 | 154 129 
Starch Phe SAE °| 88.2 127 | 107 
Silicate-clay ** 67.5 116 167 | 139 
Silicate ** 65.2 | 118 168 160 
Starch ** 57.1 91 139 129 
Silicate * 550 | 40 #+| «157. =| ~~ 459 
Starch * 45.0 61.3 105 111 
Silicate *** 69.7 122 156 139 
Starch *** 59.1 ) 94.6 125 107 








Scuupp and Boxter, Fig. 117, in an interesting series of X-ray photo- 
graphs which will repay careful study have correlated bond structure of 
the single face and double face bonds with machine characteristics and 
adhesives. They find that variation in the properties of the adhesive has 
little effect at the single face bond except at extremes of viscosity or body. 
Use of minimum silicate will usually reduce the bond strength below that 
of the double face bond and a tendency for the shoulder to form on one 
side onyl is greatly increased. 

In the case of the double face bond, too fluid an adhesive causes loss of 
shoulder structure and the bond is much more susceptible to imperfections 
traceable to machine characteristics. Increased body in the adhesive usually 


TABLE 38 


FLEXURE TESTS ON “A”? FLUTE CORRUGATED PAPERBOARD 
Rate of Flexure — 40 cycles per min (McCrEapy) 

















| Ultimate | Flexing Percentage | Number of 
load | load Ib. of ultimate flexes 
Silicate * 4.56 4.0 87.5 10,000 + 
Starch * 4.12 . | 4.0 97.0 37 
Silicate clay ** 5,59 3.65 65.2 10,000 + 
Silicate ** 5.69 | 3.65 64.0 10,000 + 
Starch ** 4.29 | 3.65 85.0 2,090 


| | iis 








* Kraft liners, chestnut corrugating medium 
** Kraft liners, straw is <k 
*** Jute liners, straw 7 _ 
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overcomes such machine deficiencies and allows formation of adequate 


shoulders. 
In general, too, they found little effect of paper on either bond structure 


one ; es oe 
PS RR aa sage etn genet tem 
Se vas ARE Se i ve, hla A Swit ccc ibe: 


ae ise seesls 








sige ‘ 2 eK = 
y ‘ . 
+ { * 
j . : 
™ > x 
F m : 
; ¥ 
XK ; 
: beet 
; 8 tng I : Rs R38 ; 
t i Baise cn . weer - “ 
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(Courtesy E I. du Pont de Nemours e Company) 
117. Cross sections of corrugated board by X-ray examination, 
A. Normal bond. 
B. Starved bond. 
C. Thin adhesive. 


Fig. 


08 


or penetration. Where excessive penetration did occur it appeared to 
Increase the compressive strength of boxes made therefrom. McCreapy 103 
also noted that impregnation of the medium see 


med to increase compressive 
strength of the product. 
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(£) Mechanical Waste 


Waste in some specific cases has been investigated carefully by BoLLerR ef 
al. *4, They found that where the total waste averaged 3.7% only 0.25% 
could possibly be attributed to characteristics of the sodium silicate adhesive. 
These factors were “‘blisters on single face (dirty corrugating rolls), fingers 
too close to edge of sheet, miscellaneous.” | 


Another cause of waste is warp. If severe it mav prevent the use of the 





re 


Vian <t ee ae® — > 
i Se 


Fig. 118. Board to the left illustrates “wash board” appearance often found where liner 
has been subjected to adhesive with high water content. Flat board to the right made 
with silicate adhesive. 





sheets entirely. A single sheet will warp when wetted because the percent 
change in fiber diameter is greater than that of the fiber length. The fibrils 
generally lie in the machine direction and the resultant change is greatest 
across the sheet '4., Warp of corrugated board is caused by an unbalanced 
moisture content in the liners at the time the bond sets. On subsequent 
drying the contraction causes the board to warp. 

Washboarding has a somewhat similar source. It results from a very wet 
liner stretched across the corrugation. If, in this weakened condition it is 
stretched beyond its elastic limits, it fails to recover the smocth flat surface 
when dried. Such a condition is very seldom found when silicates are used 


as the adhesive. 
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Silicate introduces such small amounts of water into the liner that 
warpage is likely to develop only when water from other sources is intro- 
duced. This source is usually insufficiently dried paperboard. Board con- 
taining 12-15°% moisture, a very damp board, has been combined satis- 
factorily by increasing the viscosity of the usual Na,O, 3.3 SiO, solution 
to 42.5° Bé from its original gravity of about 40.5°. 

High moisture content in the board also is a factor in deformation of 
the flutes and the consequent reduction in the maximum strength of the 
finished board product. Paper has its greatest strength at low moisture 
content. Above about 9.0% H,O the strength properties fall off along a 
curve having a shape similar to that of the silicate solution viscosity- 
gravity curve (Fig. 95). The “knee” occurs around 9° moisture content. 
This applies directly to flat crush strength of the board. The higher the 
moisture content of the medium at the double backer the more certainly 
will the flute be deformed by the pressure section. 


(g) Water and High Humidity affect the Bond 


The effect of water on the paper is to be differentiated from that on the 
bond itself. Unless protected by a suitable size, usually rosin, paper fibers 
take up water rapidly by capillary action between the fibers in the sheets 14, 
When thus wet, paper fibers are very weak and easily separable. Alkalies 
react with the rosin components and reduce or destroy the protective action. 

A sodium silicate bond when cured is only slowly soluble even when 
immersed in water. A piece of sodium silicate glass for instance will not 
change appreciably in weight on several hours soaking in cold water 
although the water in the vessel will rapidly become alkaline. A higher ratio 
or a mixture with clay reduces the rate of solution. Once thinned out, 
however, sodium silicate runs off or sinks into the paper and the bond is 
entirely lost. Compared to other water soluble adhesives sodium silicate 
bonds are quite resistant to solution. 

The magnified view (Fig. 119 a) shows the result of forcible separation 
of a thin section of a corrugated bond formed with Na,O, 3.2 SiO, adhesive 
after soaking for twelve minutes. Fig. 119 b shows a clay-silicate bond 
separated after soaking for twenty-five minutes. Long soaking will of 
course dissolve the bond completely. 

Soaking is analagous to conditions of 100 % telative humidity, a saturated 
water atmosphere. Eventually the bond will become so soft as to disappear 
in the paper and allow delamination but as the curves of Fig. 92 suggest, 
the relative humidity must be nearly 100% for this to happen. i 
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One of the worst effects of storage at high relative humidity is the 
support of the migration of alkali through the paper. Reaction of the 
alkali with the rosin may not only reduce resistance to water but may 





Fig. 119. Thin sections of silicate bonds forcibly separated after soaking 
in water. 
a. Na,O,3.3 SiO, separated after 25 minutes. 





Fig. 119 b. Silicate-clay separated after 25 minutes. Note the truss structure 
still intact. 
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change the color of the surface of the liner or the color of the ink used, 


i.e. “staining” 


Experiments with a wide variety of papers and concentrations of silicate 


adhesives resulted in no staining at a 
relative humidity of 70% but it did 
occur at 100%. The time of appearance 
of stain varied from a week to about a 
month and was shortest for Fourdrinier 
Kraft whereas cylinder kraft and jute 
were scarcely affected 145, 

The transport of alkali is reduced by 
decreasing the spread to the minimum 
required for a good bond, drying 
rapidly, and using sodium _ silicate 
adhesives with a ratio of 3.3 SiO, : 1Na,O 
or preferably higher. It is also preferable 
to use alkali resistant inks. 

The pictures, Fig. 120 and 121, are 
instructive of the effects of varying 
the adhesive used. In the first two, 120a 
and 120b, a glass of water has been 
inverted for 7 and 15 hours respectively 


od. Water Hog ied ine y * 
#4 glass ‘for. 15. fntre. ns 


Fig. 120 b. Same after fifteen hours. 
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Fig. 120. The transport of alkali 
through corrugated paperboard. 
a. Water applied to outer liner face 
for seven hours. 


inh tease ) 
Picetty per 


made 


Fig. 120 c. A more halkaline ratio 
adhesive after seven our test. 
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over a double face corrugated board made with Na,O, 3.3 SiO, 
solution containing 9°/, Na,O. After seven hours the water had not had 
time to pass through the liner to the alkali and bring it up to attack 
the rosin size. Fifteen hours was just sufficient. On the other hand 
(Fig. 120c) the board was thoroughly wetted within seven hours 
when an Na,O, 2.9 SiO, solution at a concentration of 11°% Na,O was 
used. A safe rule is not to use such an alkaline ratio within one thickness 
of paper from the outside. 

The remaining picture Fig. 121 compares the Na,O,3.3 SiO, with the 
Na,O,4.0 SiO, solution. In this case the samples were first stored over 
water in a humifier for a month and then given the water test just described 
for seventeen hours. The greater resistance of the higher ratio is very 
evident. The lower half of each board shows the result of the same test 
before aging in the humidifier. 

Developments by Carter have made it possible to preclude staining and to 
producea truly water resis- 
tant bond using sodium 
silicate adhesives. Numer- 
ous attempts have been 
made to use mixtures of 
soluble silicates with 
salts forming insoluble 
compounds but _ these 
always result in loss of 
tack and brittle crystal- 
line bonds. CARTER 8 
found that he could coat 
one or more surfaces of 
a liner with a salt which 
would neutralize the al- 
kali and/or form a gel 
with the silica. These salts 
prevented the migration 
of the alkali to the surface 
without affecting the for- 
mation of the bond. They 
did not, however, form 
Fig. 121. Comparison of staining by two high silica: alkali a water resistant bond 
ratio adhesives. Left: Na,O,3.3SiO, given the inverted er although they did aid in re- 


test with water for 17 hours after storage at 100% R.H. i ae 
for one month. Right: Na,O,4.0 SiO, after the same test. SiStance to high humidity. 
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Liners may be coated either before or during operation and indeed 
board which shows stain may be recovered by a subsequent coating 
operation. However, the processes are not often needed since the use of 
higher ratio, more viscous solutions and solutions with controlled clay 
content restrain the penetration of the silicate so that there is little tendency 
to stain through. These operations also have given increased resistance to 
high humidity. 

If a really water resistant bond is required the method of CARTER ®? may 





Courtesy Certain-Teed Corporation 
Fig. 122. Application of the adhesive to both sides of an inner ply solid fiberborad. 


be employed. He disclosed that aluminum chloride alone of a series of 
similar salts could be used to form a water resistant bond. The coating 
solution had to be applied to the surface to be bonded and dried before 
an effective bond could be produced and the aluminum ions should be 
balanced against the alkali added by the adhesive. Bonds formed in this 
way will meet the test of U.S. Specification JAN-108, 1946 for water 
resistant board. 

The explanation of the specific behavior of Al and Cl ions is not known. 
It is assumed that under the conditions described the alkali is essentially 
neutralized without the formation of too large gel particles before the bond 
sets. At the same time it may permit reaction between the cellulose and 
Silica micelles before neutralization reduces their ability 


Prcreinant to form bonds, 
rotein-silicate mixtures as water resistant adhesiv 


es will be mentioned later. 
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The effect on silicate bonds of specific gases in the atmosphere is some- 
times mentioned. Actually they may have a slight surface effect but there 
are records of corrugated boxes which have maintained a good bond for 
10 years1®. Exposure of test pieces for three days at 55% R.H. and 
otherwise pure CO, gave the same bond strengths as when unreactive 
nitrogen was used 127, 


§ 10. soLID FIBER BOARD 


The production of laminated solid fiber board is quite old with a history 
going back at least to 1850. A pasting machine was patented in England 
in 1824 by JoHN DICKINSON ’. 

Modern machines are limited by the difficulty of drying board thicker 
than about 0.050” and most solid fiber board is made up to 0.016” with 
thicker board, up to around 0.250”, built up by further lamination or pasting. 
The usual maximum is 5 plies. 

Although as the Table 39 indicates, laminated solid fiber board has not 
kept pace with corrugated board, it is still in demand where strength and 
toughness are required without the shock absorbing properties of a corru- 
gated structure. About 111,425 short tons of chipboard were so used in 
1946. Most of the famous water resistant V-board used in the last war was 


solid fiber. 
TABLE 39 


COMPARISON OF THE CHANGES IN THE PRODUCTION OF CORRUGATED 
AND SOLID FIBER PAPERBOARD IN THE U.S.A. SINCE 1916 


‘Corrugated Board oi | Solid Fiber Board 























average * 
year million | ave. rate * pobains i | million | ave. rate * | spread in 
sq.ft. ft./min. | oa ins sq.ft. | ft./min. | Ibs./gluc 
ue line 
| 
| | 
1916 40 50 18 30 | fe, 25 
1920 55 65 15 30 125 20 
1930 140 200 13 44 200 | 15 
1940 356 300 9 28 / 300 11 
1946 574 ; 350 9 | 24 a 9 
| ——$< —_ 








The specifications for solid fiber board boxes used in shipping via railroad 
are covered in B.S. 1133, Rule 41 % and other specifications. They call for 
sinular strength properties whether solid fiber of corrugated paperboard 
is used. 

* Theses figures are very rough estimates to show the trend of practical limitations. 
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While paper and spreads used for solid fiber lamination are of the same 
general nature as those used for corrugating, much higher adhesive visco- 
sities and machine pressures are usually used. Instead of a viscosity range 
of 1 to 2 poises, “‘pasters” use about 2 to 5 poises and increase the pressure 
to about 800 Ibs./sq.in. Thus entirely different machinery is required for 
most efficient production. Originally the plies were drawn through a bath 
of silicate of soda and excess adhesive was squeezed out by the heavy rolls. 
As many as seven plies may be laminated at one pass through the machine. 
They produce a stiff, hard board which must be dried in the stack as all 
water loss is evidently into the paper and loss to final set is fairly slow 
compared to corrugated board. The time for initial set as indicated by 
machine speed and length is 15 sec. or less. 

This method of production was satisfactory with the hard smooth chip 
filler used before 1930 and the introduction of Fourdrinier liners with 
bulky rough finished chip filler. Such a paper absorbs nearly double the 
ordinary spread and results in the migration of the alkali through the board, 
slow drying, and staining. 

Besides the use of higher ratios and clay-silicate mixtures it was found 
that the use of transfer rolls allowed a reduction in the amount of adhesive 
per glue line to as low as about 6 lbs. per 1000 ft. of single glue line. Even 
at 11 lbs., discoloration and desizing does not occur with 0.016” plies. The 
tendency is therefore to use this type of multiple glue stations. 

The developments by Carrer ®, 83 are particularly useful for solid 
fiber production. Besides protecting the liners against staining and desizing 
by excess alkali and/or producing a water resistant bond the rate of set is 
considerably increased. This factor is particularly important in solid fiber 
production where no heat is used and boards must be stacked to dry before 
forming into boxes. 


SoG SEALING 


The sealing of paper box-flaps is a laminating process requiring still different 
adhesive properties and operations. The adhesive chosen depends on 
whether hand or automatic spreading and pressure systems are used as well 
as on the liner surface properties, time of set, and later handling. 

A more tacky adhesive is usually needed for hand sealing and a 1Na,O, 
2.9 SiO, solution at 47° Bé is recommended. About 0.011 Ib. per square 
foot is usually brushed over one flap and the flaps are held in contact for 
1 to 5 minutes with a pressure of 50 Ibs. It is necessary to avoid surface 
drying before the flaps are closed. As usual, dilution will be needed where 
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the surface is hard to wet and the time required for set will depend on the 
spread and the paper surface. 

Hale of Forest Products Laboratory "8 studied these factors and their 
effect on the bond strength. He found that in his case there was seldom any 
adhesive failure after five minutes but that residual moisture in the bond 
and paper surface prevented the development of full strength for 1 to 
4 hours. However, 80-90% recovery occurred in 30 minutes or less. His 
results were rather erratic, probably because of uncontrolled spread. 

Automatic sealing has steadily increased in volume. In these machines 
the adhesive is applied by transfer rolls and pressure sections allow 1 to 
2 minutes for setting after which the boxes may be subjected to rather 
violent treatment in extreme cases. As in corrugated board production, 
where good practices are followed silicate adhesives are satisfactory and 
economical. It has been estimated that they are used in about one third 
of the automatic sealers in the U.S.A. 

These machines may use either the 47° Bé, 1 Na,O, 2.9 SiO, usually used 
for hand-sealing but here diluted by 8 to 15% of water, or in some cases 
the less tacky but faster setting Na,O,3.3 SiO, solution. Spreads as low 
as 5 lbs/1000 sq. ft. of flap surface have been used to give results comparable 





Courtesy Tygart Valley Glass Company 


Fig. 123. Full automatic sealer using silicate of soda. 
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to dextrin glues. As in the case of other applications, the introduction of 
new papers has made advisable the use of clay-silicate adhesives for some 
installations. This gives the advantage of adequate wetting with high 
viscosities. Very thin spreads are often found to give best results where 
the tack is sufficient. The thixotropy of such mixtures also helps to avoid 
a chance that adhesive may drip into the contents of the container. 

Glued flap boxes hold their shape better than taped boxes when 





Fig. 124. Sealing cartons of breakfast food with paper tape. Silicate adhesive is applied 
to the tape. 
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subjected to endurance tests. One advantage of sealing with silicate is 
that the bond cannot be separated and resealed without destroying the 
flaps. 

Where, however, the cases are to be stored in refrigerated rooms as near 
solid CO,, special seals may be needed to prevent reaction with the alkaline 
bond. The high relative humidity is probably responsible for any deteri- 
oration. 

Where there is trouble with a build-up of silicate on some parts of the 
machine, the parts should be wiped with a wet rag or may be coated with 
a bakelite or bakelite-graphite resin lacquer. If this is allowed to dry for 
several hours it forms a hard impervious film from which sodium silicate 
may be easily removed. 

Various complex mixtures of soluble silicate with rubber, and Portland 
cement, etc. have been suggested to give faster set or closer control over 
the tack and final strength 19. 

Silicate adhesives are used to bond parquetry flooring squares to paper 
sheets, for capping rolls of toilet tissue and newsprint, and for bonding 
sheets of paper and metal foil. 


§ 12. LABELING 


For pasting labels on containers, the less alkaline higher ratio silicate ave 
usually preferred. Under conditions of unusual dampness, sensitive colors 
may be affected by the alkaline ratios even though the adhesive did not 
reach the face at the time of application. Inferior papers may also be dis- 
colored by this slow penetration by alkali. The higher ratio more silicious 
silicate solutions also set more rapidly and maintain their grip under damp 
conditions. 

Surfaces of glass, paper, wood and cardboard are best suited for attaching 
labels with sodium silicate. A mixture of 100 parts of Na,O, 4.0 SiO, 
solution and 20 parts of sugar diluted as required has been recommended 
for labels on wooden barrels 2. Sometimes additional protection may be 
obtained by spreading a thin film of silicate of soda over the label after 
it has been made fast to the package. It will prevent loss of readability by 
abrasion in transit but is not recommended for articles which may be stored 
for long periods. 

While Na,O, 2.0 SiO, solution has been used to apply labels to clean 
tinned surfaces, WrEGst 4° has found that the addition of 5% rosin added 
hot with an equal weight of water improved flexibility, tack and clean-up. 
A higher ratio containing 8% clay and 3% rosin was also recommended. 
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The bonding of a silicate layer to a surface of urea formaldehyde may be 
accomplished by applying the silicate before the high polymer has set to 
a “‘fully water-insoluble”’ state 1°. 


“ as 
pepe ae 
campo eo 


: e Lave * OG TT, | 
ela acapella rt ee: 





Courtesy Certain-Teed Corporation 


Fig. 125. Finished wallboard passing under the cut-off knife of the laminating machine. 


§ 13. WALLBOARD 


Wallboard building boards made by lamination of paper were developed 
about the time of the first world war. Although they have been outstripped 
by newer forms of building board, about 47,500 short tons were produced 
in the U.S. in 1946 %. The use of thick highly absorbant chip filler stock, 
slow drying time and the slow setting speed required development of a 
special adhesive for continuous formation. CARTER !21 and THICKENS 122 
disclosed silicate adhesives containing clay in the range of from 25-40%. 
This clay was not as well dispersed as that in present day fast setting clay- 
silicate adhesives and the method of application allowed the use of a thick 
creamy consistency. The clay acted as a dam against seepage of the adhesive 
into the stock and reduced the water loss required for set while allowing 
the use of a diluted liquid phase which did not readily skin over or set 
before the paper had passed through the machine. . 

Water resistant bonds for laminated paper board have been described 
by Carrer ®7, A mixture of a more alkaline ratio silicate with finely divided 
whiting has also been used for wallboard. Not all supplies of calcium 
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carbonate have the proper reaction and they must be checked before use. 
Abond of 25 parts of 1Na,O, 2.0 SiO, solution at 60° Bé, 25 parts of water 
and 60 parts of whiting becomes insoluble in about a week but it will 
still be weak when set. For lamination of wood a mote silicious silicate 
must be used (see § 16). 

Lamination and sealing are also factors in the formation of other types 
of building board. 251,956 tons of paper stock were used in the U.S. in 
1946 to coat gypsum and plaster board. In general the reaction of the 
sodium silicate with gypsum causes the paper lining to separate and other 
adhesives are used. The lap of the paper envelope covering the gypsum 
is usually sealed with a heavy 1Na,O, 3.3 SiO, solution having a gravity 
of about 42° Bé. 

In tropical countries laminated wallboard made with sodium silicate has 
been found to be an effective barrier against ants and other cellulose- 
consuming life! (see § 5e). 


§ 14. FIBER TUBES, CANS AND DRUMS 


These paper containers are yet another example of lamination with peculi- 
atities which require specialized equipment and adhesives. Tubes and cans 
are generally considered as having 
a diameter of less than 6” although 
most are made in diameters of 3’ 
hor less. A can is merely a tube 
equipped with ends and a label. 
| \ drum has a diameter of 6” or 
rreater. Tubes are produced con- 
tinuously at speeds of 240—300 fpm 
which are equivalent to paper 
-peeds of 90-100 fpm. Drums are 
»roduced more slowly and with 
emi-automatic equipment. A me- 
lium tack, tast setting sodium 
silicate adhesive with a ratio of 
!Na,O: 3.4 SiO, is usually used in 
rum fabrication. 

Tubes are made by the convolute 
straight wound), spiral wound, or 
Jap seam method. Convolute tubes 


Fig. 126. Spray gun application of paper : 5 dtc ey 
a aoe +r greater than 
and adhesive as an insulation. having a diamete 5 
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2" are usually made with sodium silicate adhesives. The spiral wound tubes 
are made at higher speeds and ordinarily require special provisions to take 
advantage of the economy and rigidity of sodium silicate. A tube having 
a diameter of about 3” may be made with sodium silicate if the mandrel 
is lengthened to provide the longer setting times required to prevent “dog 
ears” (delaminated points) which may occur at the pointed end of the 
ply or if proper allowances are made for changes in relative humidity. 





Fig. 127. The application of felt to wood. 


The adhesives should have a high viscosity and may also be for- 
mulated with clay or whiting to control the body, tack and setting time. 
The thinnest possible spread is often found most satisfactory and special 
scrapers may be installed to reduce the spread to less than 20 pounds per 
1000 sq. ft. of glue line. For news-stock sized with sodium silicate and 
alum, a setting time of 8 sec. was observed on a 5” diameter tube. 


§ 15. INSULATION, ETC. 


Various fibrous materials have been bound together and to a backing to 
form heat, sound and electrical current insulation. While no really new 
principles are employed it is of interest to survey a representative list. 
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(a) Paper, etc. 


Fragments of paper bound to wood, paper or metal backing have been 
used as insulation and cushioning. Wool felt and cotton filters have been 
formed. Silicate was used as a combination adhesive and fireproofing agent 
in lining jute bats 125. « 

Light solid sheets have been formed from wood fiber, from see- 
weed, from cork. HAKANsON !* found however that the cork needed to 
be treated first with strong alkali. 

Ceiba or kapok could be glued to muslin if the sodium silicate was first 
drawn or forced into a shallow layer of the kapok 1%5, 

REACH }*6 took advantage of the slow rate of solution of the dried film 
to form cleaning swabs from cellulose base materials. 


(b) Asbestos 


Asbestos insulation against heat and sound is built up in divers forms by 
lamination with heat resistant adhesives. Sodium silicate is usually chosen 
where the temperature of use is less than 370° C but is generally satisfactory 
for temperatures which reach 538° C intermittently. The problems en- 
countered are allied to, but somewhat different from, those in the manufac- 
ture of corrugated paperboard. 

In some types a flat sheet is spotted or entirely coated with sodium 
silicate, either Na,O,2.9SiO, or Na,O,3.3SiO,, and wound into a large 
roll with a crimped sheet thus holding the flute tips in place until the bond 
is dry. In some cases the crimped sheet is stiffened and filled (“tempered”) 
by first spraying or soaking with diluted silicate and then drying. Multilayer 
resilient pipes are built up by winding this single face sheet on a mandrel 
with adhesive applied to the flute tips as in the manufacture of paper- 
board 127, When used, the half-rolls sawn from the mandrel product are 
bound with a sheet of cotton cloth and coated with Na,O, 3.3 SiO, solution 
at 41° Bé as the adhesive. In summer a higher gravity may be needed to 
keep the warm silicate from dripping. 

Where a solid composition is formed by sticking individual fibers to 
form a sheet or a coating, Na,O, 3.75 SiO, solution may be preferred as it 
will dry out more completely and rapidly at a lower temperature and will 
react less readily. Such impregnation with more alkaline solutions is likely 
to lead to “blooming”, (the formation of Na,CO, hydrate on the surface 
after aging). 

Where a solid board or coating is produced by impregnation of paper 
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or by building up with fibers a more dilute adhesive solution is required. 

Solid sheets are used for insulation against sound, fire, oil, and electric 
arcs. The sheets themselves may be bound to galvanized and metal surfaces 
with sodium silicate compositions 128, 129, 

Asbestos sheets are quite porous and white when dried. In order to 
avoid discoloration by reaction with the silicate adhesive the viscosity of 
the latter must be controlled to reduce wetting. There is some reaction 
between the mineral and sodium silicates particularly at temperatures of 
100° C and higher and insoluble silicate which is described as “hard and 
semi-crystalline” may be formed 9, 

Methods of increasing the water resistance are similar to those already 
mentioned, more or less complete reaction with calcium compounds and 
the addition of ZnO or alum to the adhesive composition 12%, 131, 

Resistance to weather is readily obtained by impregnating the cotton 
jacket with asphalt. 


(c) Mica 


The variety of properties exhibited by sodium silicate adhesives has long 
been used in forming sheets of mica such as are used for insulators. For 
ordinary use it is only necessary to press and set cold. The adhesive is 
sanitary and there is no added fire risk. The necessary flexibility may be 
obtained by control of moisture content while for use at higher tempera- 
tures, the pressed sheet may be cured at conditions of increased temperature 
and pressure 1°, This will bring about some chemical reaction resulting in 
increased water resistance and a corresponding increase in the apparent 
SiO,: Na,O ratio and therefore the more alkaline Na,O, 2.4 SiO, solution 
is recommended 132, 

Dehydration increases the electrical resistance of such insulators. If at 
the same time the adhesive is kept away from exposed surfaces, the resis- 
tance is even better. 

The slow rearrangement of micelles when solutions of differing ratio 
are mixed can bring about increased usefulness. The silicate of a lower 
ratio appears to have better working properties while higher ones give 
better final properties to the bond 129 (see § 16 a). 


The use as a binder for similar materials such as vermiculite, zonolite, 
kieselguhr, slate, etc. has been described 133-136, 


(d) Mineral Wool 


Mineral wool is held in position in the bat by dilute (20° Bé) adhesive 


solutions applied as a spray either to layers of the fibers or as they fall into 
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place. The proper dilution depends on the rate at which the spray loses 
water. Where resistance to water is important, more silicious ratios are 
used and oil may be added to the fiber mass to actually repel the water. 
Some fibers themselves have a low resistance to attack and in such cases, 
more alkaline adhesives are just as satisfactory 137, 138, 139, 


§ 16. HETEROGENOUS MIXTURES 


(a) Calcium carbonate 


Adhesive mixtures of sodium silicate and calcium carbonate in the form 
of whiting, limestone or dolomite, etc. have long been known}. CARTER 1° 
was the first to find that water resistant adhesives could be formed if the 
sodium silicate were more alkaline than the common commercial “‘neutral” 
silicate 1Na,O,3.3 SiO,. A mixture of 25 parts Na,O,2 SiO, at 60° Bé, 

25 parts water and 60 parts of whiting gave a substantially insoluble bond 
on paper board after about a week of cure. This bond may not be strong 
enough for plywood. 

Subsequent study ® has shown that alkaline and silicious silicates differ 
widely in their behavior with calcium carbonates. The alkaline silicates 
act very much more rapidly with a sharp upturn in viscosity after an initial 
period of slow reaction. They may show an enormous deceleration of the 
rotor during a measurement of Stormer viscosity, indicating dilatancy. 
The more silicious silicates have a much longer period of slow reaction 
and the rise in viscosity when it occurs is very much less. Such mixtures 
show an enormous acceleration of the rotor during measurements, indicating 
thixotropy. A precipitated chalk or a natural calcium carbonate crystallized 
as aragonite is likely to be reactive but calcite crystals react little if at all. 
The reaction which occurs forms an isotropic material on the surface of 
the particle. A great deal more SiO, is insolubilized when an alkaline silicate 
having a ratio 2.0 SiO,: 1Na,O or less is used than when the more silicious 
silicates are employed. There is a quantitative relationship between the 
temperature and the induction period and the temperature coefficient 
averages about 4 over a wide range of silicate ratios. A mixture which 
barely shows evidence of action at 20° will set very rapidly at 40°. The 
effect of increasing the concentration of the silicate solution seems to be 
directly related to the silica content and reaction is also increased by the 
use of more finely divided calcium carbonate. 

Although a sodium silicate adhesive may not be satisfactory for gluing 
northern hard woods such as birch and maple the addition of about 25 
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pounds of a lime-free finely ground whiting to 100 pounds of “neutral” 
(Na,O,3.3 SiO,) silicate solution gives a satisfactory strength and the panels 
may be sawn in about 3 hours. Dolomite, alkaline earth carbonates or 
mixtures of them may be added to give a more permanent bond for wood, 
wallboard, or roofing granules 1. 

Use of mixtures of silicate solutions has also been found useful. Equal 
parts of sodium and potassium silicates in a composition with calcium 
carbonate are recommended by FRANKE!? for wallboard and Ware ® 
suggests mixing Na,O, 1.65 SiO, with Na,O, 3.3 SiO, and calcium carbonate 
in water resistant adhesives for binding particles of grit to a backing 
material. The more alkaline silicate adds tenacity and reactivity while the 
more silicious acts as a thinner and reduces any hygroscopic tendency on 
the part of the alkaline ratio. One would expect that these mixtures should 
not be made up long before use. 


(b) Starch 


Silicate adhesives containing minor proportions of starch are not widely 
used. In general, they are quite compatible if an alkaline starch is used or 
if a sufficiently alkaline silicate is used when acid starches are incorporated. 
Dextrin is also readily incorporated. 

THOMPSON 143 advocates the dispersion of ungelatinized starches in soluble 
silicate adhesives used in laminating. Heat used to form the bond gelatinizes 
the starch and gives a quick initial bond. 

The starch is also said to help in retention of water in the aged bond 
and to reduce the adherence of the adhesive to hot metal plates. 

Silicates are included in starch dispersions to provide stiffmess and bond 
strength, improve the wetting action of the adhesive, the keeping quality, 
or the consistency. A little silicate is sometimes added to a starch adhesive 
when a very hard sheet is to be pasted 144, The silicate may be relied on as 
a source of alkali for controlled partial hydrolysis of starch 145, 146, 147, 

An adhesive having equal weights of liquid silicate and starch is used 
for bonds to metal surfaces and somewhat similar mixtures have been used 
to form balsam wool and rock sponge 3; 189, 148, 


(c) Protein 


Many proteinaceous materials have been used as adhesives and sodium 
silicate has often formed part of the composition. In some cases it has 
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served to modify the working properties and in others to provide a buffered 
alkali. Again the silica micelle is used to insolubilize other components or 
to react generally in a colloidal sense with the protein molecules. Each 
mixture will differ in properties and use depending on the type of protein 
and the sodium silicate ratio. 

Some of the properties which should be considered when dealing with 
mixtures with sodium silicate are outlined as follows: Proteins are molecules 
of colloidal size. Many are considered as convoluted, highly polar and having 
chemically reactive groups. Natural rubber particles are said*to owe their 
negative charge to proteins absorbed on the surface. Glycinin is the prin- 
cipal form of protein found in oil seed flours. It is similar in some respects 
to casein derived from milk. Both are globulins. One of the important 
differences is that glycinin does not coagulate when the solution is boiled. 
The globulins themselves differ considerably from the albumins such as 
blood albumin in that they are absorbed preferentially to albumin on 
negatively charged particles as a mono-layer whereas the albumins do not 
unroll and are absorbed as globular molecules. Albumin on the other hand 
is absorbed preferentially to glycinin on positively charged materials. The 
salt concentration plays an important role. Albumins are soluble in distilled 
water whereas the globulins are insoluble at a px near the neutral point’. 
It is evident that sodium silicate as an alkaline salt solution containing 
negatively charged silica micelles will act specifically with the proteins 
according to their charge and reactive groups. It would be expected that 
both condensation and hydrogen bond formation might occur *. 

Because of the similarities between the proteins the formulae first used 
for adhesive compositions were quite similar but with further study 
specialized mixtures have been prepared to obtain the best results from 
each material. Perhaps the best description of the preparation and conditions 
of use of vegetable proteins is given by Burnerr and Parker’. They 
show that with the proper formulation vegetable protein adhesives can 
meet the specifications for casein glues used on wood. Sodium silicates 
are used to improve the spreading qualities, promote penetration and thin 
the adhesive. Such mixtures are best used on soft woods such as the 
Douglas Fir of the northwestern United States but they are also largely 
used in the east and south for box shooks made from hard wood. Spreads 
varying from 35-40 pounds to 70—75 pounds per 1000 sq. ft. of glue line 
have been reported. Bonds are usually formed at about 150 pounds per 
sq. inch and 75° F. Burnett et al show that with proper formulation standard 
birch veneer can be made with a wet strength of 151 pounds per sq. inch 


* Cf. Chap. 2. 
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after soaking while reports on 3/,” fir panels show that adhesives made 
with castor bean press cake may reach a strength of 175 pounds per sq. inch 
in tensile shear after soaking two days 15. 

More complex mixtures contain materials such as sodium chloride, zinc 
chloride, aldehydes, rubber, amines, paraffin and clay. 

It has been generally believed that a highly caustic solution was needed 
to obtain water resistance with the vegetable proteins just as has been 
found to be the case with casein. The sodium silicates, if more silicious ratios 
were used, were added after a stronger alkali had had opportunity to react. 
Recent patents 1? however, disclose the preparation of a vegetable protein 
adhesive containing silicious sodium silicate as the only alkali. It is satis- 
factory for use on high speed laminating machines and has a wet strength 
which is at least satisfactory for paper products. 

Sodium silicate has been added to increase the strength and water 
resistance of blood albumen adhesives 48, 153. The early mixtures used 
silicates less alkaline than the 1Na,O, 2.0 SiO, solutions. SrERICKER and 
CLEVELAND found that by using more alkaline silicates they could form a 
water resistant bond from a dry powder by release of alkali in the bonding 
step instead of by heat treatment. 

Fertilizer grades of blood albumen require more alkaline additives. The 
mixtures are used with hot presses in forming plywood. In these, lime and 
silicate are often allowed to react to free the caustic at the proper time. 
Vegetable seed flours also containing protein react with the same reagents 
and may be added to reduce the overall cost 154, 

Casein adhesives containing sodium silicate, usually the more silicious 
ratios, have also been used for many years. The silicate has generally been 
considered as a means of extending the working life. The use of silicate of 
soda in place of the hydrolyzable salt in these mixes makes a desirable, less 
alkaline, cheap glue with good strength and water resistance. Because of 
the presence of colloidal silica the working properties are considerably 
different. Where lime was not added with the sodium silicate the glue was 
“softer” and increased the life of knives and saws 48, 155, 

More recently there have been a number of patents covering mixtures 
of casein with vegetable protein flours such as soya, peanut, cotton seed 
and castor bean. The vegetable protein has generally been added to reduce 
the cost without seriously affecting the water resistant propertties. 


(d) Rubber Latex 


Rubber latex particles have a negative charge and are lyophobic. They 
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absorb negative ions from solution with an increase in negative charge. 
The negatively charged colloidal sodium silicates if added slowly may be 
mixed readily with rubber latex dispersions over a wide range. A thickening 
occurs and a homogeneous product can be obtained varying in consistency 
from a watery fluid to a non-flowing paste. The sodium silicate increases 
the tack of the mixture and provides better working properties 15°, The 
rubber content provides flexibility and water resistance depending on the 
proportions of the two materials. Silicate improves the wetting and setting 
properties and in the proper formulation gives maximum bond strength 
and increased stability. More care in formulation is usually required for 
synthetic latices than for the natural latex 157, 158, 159, 

Nazzaro 3 lists the salt stability of latices in terms of the amount 
required for coagulation. He found that 0.83 moles of a Na,O, 3.3 SiO, 
solution of specific gravity 40° Bé was the limiting quantity. This compared 
with 0.21 moles of NaCl and 2.23 moles of benzoic acid. Other salts were 
much stronger coagulating agents and require only 0.1 to 0.01 of these 
concentrations. 

Special compositions are used for shoe soles and trim, foxing on tennis 
shoes, layers of fabric and wood for shoe soles, trimming material for 
sheeting, gauze bandages. Other compositions form adhesives with con- 
trolled strength and resistance to shock 11%, 161, Jonxs 16 found that fibrous 
materials could be bound to aluminum with such mixtures if the aluminum 
were first coated with aluminum silicate by treating with sodium meta- 
silicate solution. Others have sand blasted steel before applying the adhesive 
composition as a coat which could be bonded to rubber with plain latex 
adhesives. Jones found that a silicate ratio more alkaline than Na,O: 3 
SiO, tended to cause creaming while a much more silicious silicate reduced 
the adhesion. 

The best formulation of silicate and latex for any particular use depends 
on the permissible alkalinity and water loss as well as the strength and 
water resistance and permanence required. The optimum must be deter- 
mined by trial. The shear strength in a cold set birch veneer joint as the 
proportion of a natural latex and dilute 1Na,O,2 SiO, solution was varied 
in one series passed through a maximum. A high resistance in shear was 
found but a rather low strength in tension. Such characteristics are required 
in palletizing adhesives 11’. 

Sodium silicate has been mixed with dispersions of rubber to form 
adhesives for many years. These compositions are usually boiled with one 
or more of the components of the complex in order to stabilize the dis- 
persion 183, 
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(e) Miscellaneous 


Silicates have been used with a great variety of materials some of which 
react chemically and some by surface activity. Others are either fillers or 
may be mixed without noticeable reaction. 

Various organic compounds such as coumarone indene resin **, phenolic 
resins 165, viscose 16° have been used. Other forms of protein such as 
collagen 167, gelatin 16° and Irish moss, crude algin 16° have been mentioned. 

On leather a sodium silicate having a ratio of 1Na,O: 3.3 SiO, 
at 42° Bé has been found useful. The silicate may be diluted and mixed 
with 1.2% of clay as a filler. Carboxymethylcellulose, otherwise known 
as sodium cellulose glycollic acid or Tylose HBR or Zell-leim has been 
found to be miscible with sodium silicates over considerable ranges of 
ratio and concentration. 

SARASON 17° claimed that the addition of traces of an extract of licorice 
(glycyrrhizen) greatly enhanced the silicate bond strength. 

Inorganic compounds which do not ordinarily react with sodium silicate 
such as the phosphates 38, 3°, borax 3’, metal ammines 171 have been mentio- 
ned as well as other compounds which will form precipitates, such as zinc 
oxide 172 and copper sulfate 173 the latter of which was used in a starch 
adhesive. 

Insoluble fillers such as aluminum fluoride and flint have formed water 
resistant adhesives !”4. Others have added talc 76 and asbestos #*. JounNston 176 
used a mixture with Portland cement, sodium metaphosphate and sodium 


fluoride to bind asbestos or asphalt-impregnated fabric layers with a water 
and fire resistant bond. . 
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B. INORGANIC CEMENTS 
§ 1. INTRODUCTION 


This section on cements is planned to direct the reader to sources of fuller 
information and not as a complete survey of inorganic cements. For 
general surveys of recent developments the annual reports by PAYNE are 
useful 178, The standards supported by the American Society for Testing 
Materials and other groups have not been generally surveyed but contain 
much information useful for specific applications. 

Those who need specific recommendations for general repair work or 
miscellaneous use will find recommended formulae compiled in technical 
journals 177-18. 


§ 2. HYDRAULIC CEMENTS 


Of the inorganic cements the most widely used are those known as 
hydraulic. Portland cement is that most generally recognized and volumes 
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are available on its properties 18%, 183, There is little justification in this 
review for going further than to say that hydraulic cements set by crystalli- 
zation and gelation of siliceous components and they require much water 
to form a good bond. The strength and water resistance of the bonded 
structures are influenced by additives among which are finely divided 
silica and sodium silicates. The latter must be present in a form which 
dissolves slowly 18, 185, Where solutions of alkali silicates are used the 
mass sets rapidly and is effective as a plug for leaking holes in containing 
walls. 

The siliceous components of hydraulic cements are rather slow to react 
and full strength may not be obtained for weeks. The final product is 
susceptible to attack by both acids and alkalies and will not withstand 
temperatures above about 500° C. It is evidently not useful for many 
applications. 

Other forms of the hydraulic cements are those with a high alumina 
content and those formed from trass and residues of volcanic action. Of 
similar nature are the cements which may be formed from blast furnace 
slag. PURDON 186 has made an extensive and interesting study of the effect 
of alkali and alkaline chemicals on slag compositions used as cements. The 
following range of slag compositions is narrower than some others reported 
but is representative. 











SiO, 32.0-27.7% 


Al,O, 23.5—-13.6% 
FeO 3.2-. 0.5 
MnO 20— 0:1 








Blast furnace slag rapidly chilled and granulated is a vitreous product 
which will itself set slowly in the presence of water but it is usually used in 
mixtures with Portland cement or with lime or anhydrite. In the latter 
case 10-20% of anhydrite along with a small quantity of slack lime makes 
what is known as “ciment sursulfate”. PuRDON found that a “relatively 
small quantity of an alkali isa much more efficient accelerator. The resulting 
cement has greater strength both initial and final than Portland (Table 
40). The optimum quantity of caustic soda is 5-8% of the mixing 
water.... cements made in this way apart from their characteristi- 
cally high early strength have the following advantages over Portland: 
(a) heat of hydration extremely low, (b) concrete is practically water tight, 
(c) low solubility in pure or aggresive waters” (Fig. 128). However, the alka- 
lies could not be incorporated in the slag mixture and the proportion of 
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alkali depends on the quantity of water rather than that of the slag. 
PuRDON concluded that the alkali acted merely as a catalytic agent in 
making possible a more rapid crystallization from the glassy slag condition. 
“This hypothesis is strengthened by the fact that it is possible to recover 
from a set slag mor- 
tar, by washing, al- 
most all the alkali 
used as activating 
agent, without ap- 
preciable dissolution 
or carrying down of 
other substances”’. 
He has found too 
that iron bars used as 
reinforcement in ac- 
tivated slag concrete 
exposed to moist air 
for 5 years showed 
no signs of attack in 
spite of the general 
supposition that the 
sulfide would in- 
crease corrosion. 
Lapwic’s 18? work 
on the development 
of water resistant 





3 4 3 7 8 12 


Fig. 128. The crushing strength of a concrete made with 
slag cement reached a maximum strength after 24 hours atabout Trass cements and 
7% NaOH and a pu of 14.1. Abscissa, NaOH in mixing water mortars of hi gh elas- 


(%); ordinate, crushing strength (kg per s.q. cm.). (PURDON). ticity by iietect te 


TABLE 40 


CRUSHING STRENGTH (in Ibs/sq. in.) OF SLAG CONCRETE ACTIVATED IN SIX 
DIFFERENT WAYS AND COMPARED TO A NORMAL PORTLAND CEMENT (PURDON) 


3 4 5 6 7 
NaOH |Na,CO,+| Slaked | Normal | White | Anhydrite| Normal 
Lime 20%| Portland | Cement |18% slaked} Portland as 
41.4% 41.4% | lime 2% | Standard 





















Concrete 











Crushing 

Strength: 

24 hours| 3555 4750 1052 1223 640 1546 2522 
3 days 4806 6001 3214 3484 2218 3953 3839 
7 days 5532 7153 5347 5660 3072 4422 4906 

28 days 7295 7693 5816 6952 5247 5794 6832 
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TABLE 40 (Continued) 


CRUSHING STRENGTH OF SLAG CONCRETE (in lbs/sq. in.) CURED IN 


ARTIFICAL SEA WATER (PURDON) 











Accelerator: Ca(OH).+ 


(small quantities) 





24 hours 
2 days 
3 days 
7 days 
28 days 
3 months 
year 


| 











2NaCl NaSO, | Pheer 
1024 1351 | 1067 
1602 2602 2147 
2233 3498 2929 
4180 4948 | 4920 
5844 7380 | 5318 
8021 8930 7650 
8760 9783 | 9414 


with vitreous sodium silicates suggests that they should have been included 
in a study of alkalies on slag cements. 


§ 3. PLASTER OF PARIS 


Another widely 
known cement is 
plaster of Paris made 
from gypsum 188—19, 
A partially dehy- 
drated gypsum, 
CaSO,. 0.5 H,O, is 
quite soluble in 
water at low tempe- 
ratures and rapidly 
recrystallizes to the 
dihydrate, gypsum, 
forming a hard mass 
when dry. The solu- 
bility of the gypsum 
itself though low by 
usual standards ma- 
kes this cement 
inapplicable under 
conditions of high 
humidity or expo- 
sure to water but it 
may be impregnated 
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400 
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100 


24h. 3d. 7a 28a 3m. ly 


Fig. 129. The final strength of the optimum 72.3% slag— 

27.7% Portland cement was greater than that of pure 

Portland although a 100% slag cement was stronger at all 

times. Normal 1: 3 mortar was used. Abscissa, Time (24 

hours to 1 year, log. scale); ordinate, crushing strength (kg. 
per sq.,cm.) (PURDON) 
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with resins. It is also used where a gas-proof cement is required, and 
such mixtures usually contain fibrous material or sand. Asbestos reacts in 
the presence of moisture to form crystalline growths of magnesium sulfate, 
similar to the efHlorescence caused by reaction of carbon dioxide with 
more alkaline cements. 

A use instructive of its properties is in the preparation of molds or 
investments used to reproduce wax designs as for instance in the preparation 
of dental inlays. The gypsum itself when forming by recrystallization 
expands but the mold shrinks again when calcined to removt the wax and 
water. This expansion and contraction is controlled by the inclusion of 
cristobalite. The thermal expansion of cristobalite on drying is greater 
than that of quartz and mixtures with Plaster of Paris show a nearly 
constant amount of expansion over a considerable range of temperature. 
The composition can be adjusted to allow for the shrinkage of an alloy 
such as a gold alloy. Other necessary characteristics are rapid set and a 
smooth surface which will reproduce minute details. 

Because of the accuracy with which the thickening time can be con- 
trolled and full strength is obtained soon after setting, Plaster of Paris is 
used in oil well bore holes to shut off water, to “kill” gas wells, for shot- 
tamping, and to recover lost circulation in cavernous limestone 11. 

Ordinary plaster of Paris is formed by heating gypsum to about 120° C 
thus boiling off the excess water down to about the CaSO,.0.5H,O 
composition. The product is further dried at about 150° C and forms a 
porous.mass which is ground into a powder. A more recent type of plaster 
of Paris is that known as “Hydrocal” which is prepared by heating gypsum 
at 17 Ibs/sq. in. of steam (123° C) for several hours. This results in the 
formation of finely divided separate and non-porous crystals of the1/, hydrate 
composition which require much less water to make up the plaster. 


TABLE 41 


THE EFFECT OF THE RATIO OF WATER TO PLASTER ON THE PROPERTIES OF 
PLASTER OF PARIS USING A MIXING TIME OF 1 MINUTE (SKINNER) 














Water: plaster ratio | setting time sii setting dry crushing strength 
in cc/gram minutes expansion % lbs/sq. inch 
0.45 3} 0.51 3800 
0.60 7 0.29 2600 
0.80 104 0.24 1600 











The strength of the plaster of Paris is increased by drying. After 2 hours 
and a loss in weight of 5.1% the crushing strength was 1400 Ibs/sq. in. 
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After a loss of 17.4% at 8 hours drying time the strength was 1700 whereas 
the crushing strength reached a maximum of 3400 Ibs/sq. in. after a loss 
of 18% in about 24 hours. 

Because the Hydrocal mixture sets with much less moisture it forms a 
much harder mass or “stone”. Crushing strengths may approach those of 
Portland cement although it will give an initial set in 15-20 minutes. A 
representative formula is 

Hydrocal 95 — 98.4% 

Rochelle salts 1 — 5% 

Retarder 0.1% 

Pigment 0.5 % 
Retarders used may be borax, sodium citrate or similar materials. The 
Rochelle salt is an accelerator. Other accelerators are sodium or potassium 
sulfate and sodium chloride. This formula yielded a cement with a dry crush 
strength of 7500 Ibs/sq. in. when suitably prepared 1%, 

A mixture of plaster of Paris and Portland cement known as Spence’s 
plaster contains alum and sand. It has a low expansion on setting and a 
high dry crushing strength. 

Keene’s Cement is a combination of gypsum burned with aluminum 
sulfate or borax. 


§ 4. LIME MORTARS 


These are also widely known in the construction industry. They set by 
hydration and crystallization of CaO and MgO components which give 
rise to the designations “high lime” and “high magnesia”. The ASTM 
standards for 1946 give the folllowing limiting compositions 1%, 


| ‘Calcium lime Magnesium lime 














CaO (min. %) 75 — 
MgO se, — 20 
CaO + MgO (min. %) 95 95 
SiO, + Al,O, + Fe,O, (Max%) 5 5 
CO, (Max%) 10 10 


The calcined limestone is “slaked” 
paste with sand and fibrous materials 
on drying. 

Most lime now in use is carefully hydrated Ca(OH), with all lumps 


carefully removed. This results in more reproducible mortars as it pre- 
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with water to a smooth workable 
to lessen contraction and cracking 
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vents localized overheating which may result from uneven hydration. 

The crystallized lime hydrate gradually carbonates on exposure to air 
and increases in strength 
thereby 1. 


§ 5. SOREL CEMENT 


Magnesium chloride ce- 
ments described by Sorel 
in 1876 are similar to the 
dental cement zinc oxy- 
chloride and have been 
capably reviewed by 
HuBBELL }**, 

These cements, origi- 
nally widely used for floors Ceaes of Mat Focttnane oF tons Joao 


andwallplasterwerefound _. 
Fig. 130. The cylinder of Sorel cement on the left 
to be too soluble to contained 5% copper and held water for two weeks 


withstand weathering or without ri disintegration shown in the cylinder on 
washing. They be the right prepared without copper. 

large coefficient of thermal expansion dependent on critical factors of 
composition and preparation which were difficult if not impossible to 
control. However, 
they are three or 
four times as strong 
as Portland cement, 
set rapidly, are resil- 
ient, and they bond 
readily to many 
materials. Adhesion 
to sand blasted glass 
exceeded 100 pounds 
per sq. inch. Hus- 
BELL studied the ef- ; 
fect of changes in - Ste aS 
composition and Courtesy of Mellon Institute of Industrial Research 


found that the addi- 
i _ Fig. 131. The footprint of Sorel cement with 10% copper 
oor Foi uae abd resisted a water spray for three months. The surrounding 


der overcame the Sorel cement washed away to a depth of } inch. 








References p. 383 


356 INORGANIC CEMENTS CH. 6B 


major drawbacks to use of such cements. (Fig. 130 and 131). The copper 
forms insoluble blue-green 3CuO.CuCl,.3H,O by reaction with the 
magnesium chloride used to react with magnesium oxide in the formation 
of magnesium oxychloride gel, (Mg Cl, .3 Mg(OH), . 8 H,O), Sorel’s cement. 

‘Perhaps the uses that take fullest advantage of the chemical properties 
of these cements are those 
in kitchen and hospital 
WO. COPPER operating room floors. In 
the former the cement’s 
resistance to damage by 
cooking fats and greases is 
important, and its chemical 
nature due to the copper 
compounds it contains pre- 
vents the growth of mold 
and most bacteria on the 
surface. This is important 
to sanitation and prevents 
the development of odors 
from spoilage of food waste 
on the floor. It is probably 
also responsible for the 
cockroach repellence of the 
floor.” 

“In the case of hospital 
operating rooms these bene- 
fits to sanitation are, of 


160 


140 


100 


80 


10% COPPER 





10] 10 20 30 


pees Uae : course, important and, in 
ig. : € addition of ten percent capper to iti 
unsound Sorel cement containing some lime entirely addition, | the: oor saa 


prevented the eee which caused disintegration be capable of conducting 

in one month. Abscissa, age in days; ordinate, ex- i ici i 
pansion (10-%°/, of bar length) (HuBBELL), sige fie dae net 7 
order to prevent ignition of 


anaesthetic gases used in the room. These cements lie in the range specified 
by the National Fire Protection Association (25,000 ohms—500,000 ohms)’’19 

The optimum proportion of Cu is about 8 to 10%. Such a product “‘is 
highly insoluble in water and free from excessive expansion even when 
placed in contact with materials that contain lime or when magnesium 
oxides are used that would otherwise have caused disastrous increases 
in volume, it is almost entirely free from efflorescence, and has a strength 


when dry nearly twice and when wet nearly three times that of the 
References p. 383 


5 SOREL CEMENT 


TABLE 42 


357 


EFFECT OF THE CONCENTRATION OF THE MgCl, sOLUTION ON THE 
PROPERTIES OF SOREL CEMENT (HUBBELL) 

















Concentration | Tensile Strength Linear change percent of 
of gaging dry — 30 days length stored at 70% R.H. 
solution °Bé Ibs/sq. in. id 
ee ee | ey” | WO days =| (90 days 
18 1053 —0.030 —0.078 —0 
22 1152 0.003 —0.009 ~ O14 
26 1272 0.036 —0.020 —0.009 
30 897 0.037 0.048 0.045 
36 462 0.007 0.012 0.006 





1200 


800 


200 





10 20 wd 10 20 30 


Fig. 133. The wet and dry tensile strengths of Sorel 
cements containing ten percent copper are greater 
and rise more rapidly than those without. (15% plastic 
Magnesia, 85% aggregate, 24° Bé MgCl, solution to 
standard consistency). Abscissa, age in days; ordinate, 
tensile strength (lbs/sq.in.). (HUBBELL). 


original cement” (Figs. 
132-134). About 17- 
18% by weight of plastic 
magnesia, 10° Cu pow- 
der, 72% aggregate and 
22° Bé MgCl, solution 
in the ratio of 6: 1: 
: MgO : MgCl, is re- 
commended. 

The cost and high heat 
of reaction prevent use 
of these cements in large 
masses. The addition of 
fine fillers helps to avoid 
cracking. 

BENNET 397 lists one 
adhesive composition as 
formed from the follo- 
wing two mixtures: 


(1) MgO 40 
BaSO, 40 
chalk 20 


(2) MgCl, (27° Bé) 60 
HCl (21° Bé) 20 
H,SO, (22° Bé) 20 


It is proof against water and hydrocarbons and forms a hard durable 
cold-setting cement for use as flooring and stuco. In the latter use it 
should be faced with crushed stone to give resistance to weathering. 

Cements of somewhat similar constitution have been found useful as 
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binders for refractory bricks of periclase. Electrically fused magnesia 
containing 2.5 to 5% of calcined sea-watea magnesia wetted with a 24° 
Bé magnesium chloride 
solution gave the best 
results in a series of tests 
using other organic and 
inorganic binders fired 
at 1800° C19 (Fig. 135). 

Magnesia shapes fired 
to 1450° C gave satis- 
factory service in a fur- 
nace at 2000° to 2200° C 
under oxidizing condi- 
tions (Table 43). 

Similar compositions 
have been used instead 
of sodium silicate to bind 
colors to roofing granu- 
les without the high 
degree of heat treat- 
ment usually required. 
Mixtures of pigment, 
calcined magnesite or 
magnesia, and 22° Bé 
MgCl, solution are 
thoroughly mixed and 


heated to about 40—50° Fig. 134. Immersion in boiling water which was changed 
jon199. frequently completely disintegrated cement slabs aged 

Ek hasten the Paes * 30 days in 270 ie unless pa foe powder was added. 
Finely divided SiO,, robe this period the modulus of rupture was determined. 

0 . Abscissa, Copper as °/, by weight; ordinates: left, weight 
20% based on weight lost in °/); right, modulus of rupture (1b/in?.) (HusseE zr). 


AFTER 24 HRS. 









'(23 45 678 90n 213 4 


of MgO, improves the 
strength, volume stability and moisture resistance of Sorel cement 20, 


The efficacy of Sorel cement containing copper against cockroaches 
and microorganisms has been described 20b 202. 


§ 6. LITHARGE 


Mixtures of glycerin and litharge either alone or with additives have been 
used for many years. One of the main uses is as a lining to protect cellulose 
digesters against acids; another use is as paint resistant to hydrocarbons. 
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PROPERTIES OF PERICLASE REFRACTORY BRICKS BONDED WITH SOREL 
TYPE CEMENT. (POLE, BEINLICH, GILBERT) 





























Zs Bonding 3 | Unfired Compres-| Total Li am 
Body Composition i 24° Bé ioe sive pena Shenvese 
| MgCl, F lb/sq. inch 1800 C°, % 
(A) 100% Periclase | 11.00 6.5 1054 
(B) 97.5% Periclase 12.5 7 3319 8 
2.5% sea water 
(© 959 arp nesia 
ericlase 14.0 goes 5572 
5°, Sea water 
magnesia 
(D) 90% Periclase 15.5 6 6093 2.9 
10% Sea water 
magnesia 
(C) and (D) developed hair line cracks on firing. 
1.6 
1.2 
08 
04 
3 ie) 200 400 600 800 1000 1200 


Fig. 135. The expansion characteristics of magnesia refractories, 
periclase and electrically fused MgO bound with MgCl, solutions 
are approximately the same (PoLE, BernLicH and GiBErr). Abscissa, 
temperature of specimen in °C; ordinate, expansion as °/) of length. 


A—97.5% Periclase —2.5% sea water MgO 
B —97.5% electrically fused MgO — 2.5% sea water MgO. 
Heating rate — 4° C per minute. 


It is thought that this mixture of slightly diluted glycerin, 1 part, with 
lead oxide (PbO), 2 to 3 parts, which takes about one day to set forms a 
definite crystalline compound. The composition may be used on silica and 
various materials where resistance to weak acids and nictric acid is needed 


References p. 383 


360 INORGANIC CEMENTS CH. 6B 


but the cement does react with sulfuric acid. For ammonia gas conduits it 
is recommended to use 4-5 parts of PbO to 1 part of glycerin. This mixture 
should be ground to a putty and takes about two days to set. 

A number of writers also recommend the addition of sodium silicate. 
Thus a mixture of 8 parts PbO, 4 parts Na,O, 2.4 SiO, solution and 1 part 
glycerin will set in three minutes and be resistant to calcium bisulfate 
liquor. Some recommend a 1: 1 mixture of sodium and potassium silicate 
solutions 203—204, 

Other more complex compositions have been suggested 7%, 


§ 7. IRON CEMENTS 


Cements containing particles of iron and electrolytes such as ammonium 
and sodicm chloride, vinegar, etc. appear to be increasing in use on radia- 
tors, iron covers and connecting lines. The main service is as fillers for 
unwanted open spaces. Setting appears to occur by corrosion of iron and 
crystallization of solids which provides adhesion between the adherend 
and the remaining iron particles. Such cements are not strong nor do they 
resist acids 2%, 
A simple formula for use with wrought iron is 


iron filings 62% 
NH,Cl A 
H,O 37% 


For attaching iron to stone either of the following formulae have been 
found safe and useful: 


(a) sulfur 25% 
iron filings 25% 
silica ; 25% 
vinegar 25% 

(b) iron filings 24% 
manganese 

dioxide 6% 
gypsum 15% 
rock salt 5% 


Na,O 3.3SiO, 
solution (41° Bé) 50% 


A dry powdered mixture contains 


Aluminum powder 9% 


Flaxseed meal 70% 
Casein 12% 
Sodium silicate 9% 
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In such a formula the silicate when dissolved for use will react with the 
protein of the meal and casein forming a gelatinous water resistant product. 
The silicate ratio should be more silicious than Na,O,2 SiO, to avoid 
reaction with the aluminum powder. 


§ 8. sULFUR CEMENTS 


The sulfur cements 2° usually include some additives. Where there is none, 
resistance to shock, particularly thermal shocks is low. By the use of graded 
aggregate the normal 12% volume decrease, of sulfur may be reduced to 





2 Se Sie 


SS 


Courtesy of Atlas Mineral Products Company 


Fig. 136. This floor set with a sulfur cement containing graded silica aggregate and a 
plasticizing agent has served a food plant for over a decade. 

about 4%. These cements may be used only at relatively low temperature, 

that is, less than 93° C, because of the increase in coefficient of expansion 

when rhombic sulfur changes to the monoclinic form at 96° C. The melting 

point of the sulfur, 110° C, is also low. In preparing such cements it is 

necessary to keep in mind the equilibrium in melted sulfur between the 
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yw and A forms. The mw form is found in greater proportion at higher 
temperatures (about 160° C) and crystallizes in a triangular pattern. Cements 
with this crystallization pattern have poor binding strength compared to 
those having the feathery crystals of the 2 form more prevalent at lower 
temperatures, 130—140° C. Sulfur cements set up rapidly at low temperatures 
and have very high resistance to many chemicals. Improved physical 
properties may be obtained by incorporating very fine carbon black and 
polysulfides soluble in sulfur such as Thiokol (Fig. 136). The carbon black 
helps to release air, reduces voids and increases workability and tensile 
strength 8, Silica now available in a similarly finely divided form should 
also be successful. 

The general properties of elemental sulfur are tabulated by BACON 
and Davis 2. In addition to those properties mentioned below the 
electrical conductivity is found to be the lowest of almost any solid, 
1 x 10°” reciprocal ohms per 1 cubic centimeter at 22° C compared to 
porcelain with 1 x 10714 under the same conditions. It also has a very 
low heat conductivity as gram calories transmitted per second through a 


plate 1 cm thick and 1 sq. cm 

in area at a temperature dif. 

rence of 1° C over the range of 
100° C: 4 

cnet Ee ee 


compared to ice at 2 x 1073. 

The heat of fusion of - 

i 3 ETO of the rhom 
w 80% H,SO, 


bic form is 14.9 gram calories 




















per gram. 

Fig. 137 shows the approxi- 
mate solubility in many sol- 
Ses ess Sica vents. One formula reached a 
[we tse Woy 
| <3 30% HNos | 












constant tensile value of 440 
Ibs/sq. inch when held in water 
for two years at 70° C. Sulfur 
cements are not broken down 
by water and they exhibit excel- 
lent resistance to inorganic 
acids. Their outstanding use is 
in tanks for holding solutions 
Fig. 137. Sulfur cements resist most non- of mixed nitric and hydro- 
oxidizing acidic materials even over long fluoric acid at 72° C. Such 
periods of exposure at temperatures below liquids are used for pickling and 


90° C. Abscissa: tensile strength (p.s.i.) (PAYNE ; 
and DuEcKeER). cleaning aluminum and stainless 


0 100 = 200 300 


400 500 600 
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steel *1°. Organic acids are usually satisfactorily resisted except that oleic 
acid is destructive at higher temperatures. The sulfur cements show 
comparatively little resistance to strong bases or lime but will withstand 
intermittent use. Oxidizing agents such as chromic acid must be avoided. 
Vegetable oil and petroleum products are likely to be poor risks but most 
salts except calcium bisulfite are safe. They adhere well to metals in general 
but particularly well to copper. The strength of adhesion to terra cotta 
has been said to be 30-37 Ibs. per sq. inch. Representative formulae for 
widely used commercial sulfur cements percent by weight ate as follows: 


























A B | CG D | E 
| 
sulfur 58.5 59.5 | 58.8 99.5 58.8 
ground silica 30.5 260) ol 89,88 38.0 
soapstone 10.0 10.0 | 
carbon black 1.0 3.0 1.0 2.0 
olefine polysulfide 0.5 | 12 1.2 





A comparison of the properties of these cements will be helpful in deter- 
mining utility. (Table 44). 




















TABLE 44 
A COMPARISON OF THE PROPERTIES OF REPRESENTATIVE SULFUR CEMENTS 
A B G D E 
Coefficient of linear expansion 
in./°C (30°—93°) x 10-5 3.6 3.8 4.3 ie? 1 ANS 
Compressive strength lb/sq. in. 9781 6300 6159 
Tensile strength Ib/sq. in. * 880 707 650 | 250; 830 
Modulus of bE nente tila. in. 2194 2203 2052 1270 | 2377 
Straming test several one almost : 
long cracks disintegrated | 
Vol. shrinkage on setting — % Cie : | 
Specific gravity 2.24 2.18 2.07 | 
Impact to break (relative) 0.37 0.26 
Porosity A.S.T.M. | 
(% volume) 0.97 
Absorption A.S.T.M. 
(% water by weight) 0.52 | 
ermal conductivit 
BTU/hr/sq.ft/°C/ft. (21° C) 0.25—0.29 

















The strongest sulfur-sand mixture contains 40% sulfur and has a tensile 
strength of 400 Ibs/sq. inch. This strength can be increased by using a finer 


* Cf. 900 lbs. for a thin bond of sulfur on aluminum #71. 
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sand and a value of 650 pounds has been obtained. The modulus of rupture 
is 1558-2050 lbs/sq. inch and the coefficient of expansion is 6.3 x 10~®(°C). 
McKinney #2 has published a useful paper on the testing of sulfur 


cements. 


§ 9. COLLOIDAL SOLUTIONS 


Some viscous inorganic solutions find a place in the cement art. 
Materials such as Al,(SO,)s which form gelatinous binders by reaction 
are used to some extent. On firing, the gel bond formed will lose the SO, 
component at about 770° C leaving alumina. The phosphates and borates 
are usually used in more complex mixtures. 

Soluble silicate of soda is widely used in the formulation of cements 
and as such usually contains some filler. In general, the properties are those 
described for soluble silicate adhesives. On complete air drying the binder 
will retain on the average 15% of water. Baking at 100° C will leave about 
6% but complete dehydration requires the use of high temperatures. Care 
must be taken to stay below the boiling point at all times in the drying 
cycle. Cements which set by reaction may require only air drying. Those 
which are designed to form a ceramic bond must be heated approximately 
to the liquidus temperature. ‘This and the viscosity of the melt so formed 
will depend on the control of the reaction and the amount of dissolution 
undergone by the aggregate or filler. The presence of other salts will 
affect the viscosity and liquidus temperature of the glass. 

In some cases, a pretreatment of clay with a sodium salt will remove, 
by base exchange, calcium or other ions which tend to destabilize a plastic 
mixture 213, 

Many additives are such as to react directly with the alkali in the solution, 
for example sodium silico-fluoride, CaCO,, BaCO,, hydraulic cements, 
silicon, etc. Set is produced by formation of a crystalline or amorphous 
precipitate capable of maintaining a bond. Such mixtures are very widely 
used where exposed to corrosive conditions but no silicate can stand up 
against hydrofluoric acid or continued exposure to alkali. 

The general literature on cements using soluble silicates has been surveyed 
recently and may be referred to for bibliography 185, 214, 

There is fairly complete data available on the liquidus and viscosity of 
sodium and potassium silicate glasses and some information on numerous 
more complex systems 215-216, 

Ground sand increases the body, reduces the moisture loss required 
for set and tends to increase the moisture resistance of the final cement by 
increasing the silica: alkali ratio of the soluble silicate. Increase in ratio 
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by reaction with sand, etc. appears most regularly where the cement is 
dried at elevated temperatures. Such cements are particularly adapted to 
high temperature use as they cannot be destroyed by heat and the liquidus 
temperatures can be made quite high. The overall softening point may 
also be increased by the proper choice of clay. WrExsB is convinced that 


TABLE 45 


PROPERTIES OF REPRESENTATIVE ALKALI-SILICATES USED IN REFRACTORY 
CEMENTS (PHILADELPHIA QUARTZ COMPANY) 




















Kikeli:Sitice Amt. of Silicate Vee a of Order of 
Ratio to ving lbs. abe TR ieee A effect 
ae without filler “4 pis 
Na,O : 3.75 Sio, | oy “fet F ; 
. 633.22 SiO ‘ 

” $3.22 SiO, | 258 1755 - 2 
» +290 SiO, 233 1508 ,, 3 
» 32.40 SiO, 213 152580: 3 
» 2200 Sid, 185 1600 ,, 4 
» +2 1.60 SiO, 197 Wola OS yas 5 
ae 5? 3,22 SIO, 121 15 /deue 2 
” 3.30 SiO, 101 1575 2 
» 1200 SiO, 121 1600 _,, 4 
” 2.00 SiO, 101 1600 ” | 4 
K,O :3.91 SiO; 366 7905 a-, 1 
", $3.29 SiO, | 254 1580 |, | 2 








“The structure giving the greatest strength is hence not that in which 
glass is acting merely as a cement between the grains of filler, but in which 
the surface of the filler grains has been penetrated by interfusion, giving an 
interlocking structure with the glass” *1’. 

Poo 218 has recently studied the effect of the presence of other cations 
on the viscosity of alkali silicate glasses in the softening range. He has 
found that the mixed alkali system (Na and K) does not exhibit additive 
properties so that a minimum in the viscosity relation is obtained but 

















mol % 
4 a 
Na,O 0-20 
CaO 0_5 
Al,O; oa 





* Liquidus temperature is point at which silicate is completely fluid. Softening 
temperature is approximately 2/, liquidus temperature. 
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Fig. 138 for the systems included in Na,O-CaO-A1,0,-SiO, “additivity 
relationships are valid to a first approximation” within the limits: SiO, 
60-70, Na,O 10-15, CaO 0-20 and Al,O,; 0-5 mol. %. 

As in Portland cements, silicious gels form important bonding agents. 
Most reactions between sodium silicate and acid materials or heavy metal 
oxides form gels or gelatinous precipitates. The strength of the final cement 
depends in large part on the water content of the solution at the time the 
gel forms. The lower the water content at the critical stage the stronger 
the bond tends to be. 


124 1.40 





Fig. 138. Mixtures of sodium and potassium silicate glasses have a lower viscosity than 
either of the pure glasses. Log n = a + b (108/Ta). Abscissa, reciprocal absolute 
temperature (10*/Ta); ordinate, viscosity on a logarithmic scale. (Poote). 


Batch No. Na,O K,O SiO, 
*lo */o */o 
Fig. A. 8 --- 18.01 81.99 
2 20.13 — 79.87 
13 10.15 7.02 82.83 
H 34.53 -— 65.47 
— ; 34.05 65. 
15 26.31 6.48 67.21 
Fig. B. 9 — 24.50 75.50 
3 24.82 — 75.18 
16 12.91 11.34 75.76 


Porosity of a silicate cement also depends on a number of factors. The 
modulus of elasticity is sometimes used as a rough relative index. If the 
cement is dried too rapidly puffiness may result bringing about a decrease 
in strength. Care must be exercised even up to 500° C as the last of the 
water content may be retained up to about that temperature. Soluble 
aggregates may also lead to increased porosity. It is well known that the 
Proper grading of an aggregate is necessary to form a dense cement. If the 
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proportion of silicate solution is too little the aggregate may not be adequa- 
tely wetted whereas if it is too great, a weak gelatinous bond may result 
in cements depending on reaction for their set. Where the silicate solution 
is too dilute the cement will be slow drying and again may form too weak 
a bond with the aggregate because gelation will tend to occur at a dilute 
stage or the adhesive will drain away from part of the surface. 

Where acid and water resistance are required many of the same principles 
may be applied as have been mentioned in the section on adhesives. 
Inclusion of zinc oxide and calcium carbonates, etc. will tend to increase 
water resistance after sufficient time for reaction has elapsed. 

The importance of the temperature of set and particle size of the additives 
is shown strikingly by work of the American Zinc Company ”!°. 

After one week at 90° C, hardened masses of ZnO powder and sodium 
silicates of varied ratio showed only the ZnO X-ray pattern. The hardest 
formed with Na,O, 3.2 SiO, (42° Bé). After six hours at 500 Ibs/sq. inch 
and 242° C, the most silicious and the most alkaline showed some reaction 
according to X-ray study and the hardest formed with Na,O, 2.4 SiO, 
(52° Bé). This was the only mixture to show a reduction in weight lost on 
leaching although the Na,O, 3.9 SiO, showed a change in X-ray pattern. 
After 900° C for 15 minutes, all showed definite crystal change. The least 
soluble products were made with the more silicious silicates. 

In another series of experiments the relative consistency of mixtures 
using ZnO of uniform particle size was studied for three weeks. 








Ave. Particle 
Size | 5.0 u | 0.4 uw | 0.16 wu | 0.1p 
2 hours 8 17 480 too heavy 
6 days heavy sticky taffy solid 
21 days very heavy taffy cote solid 
so 








The fluosilicates set quickly and form cements of highly acid-resistant 
character and resistance to both acid and water is increased as the density 
of the cement is increased. Cements in which the pores are filled with silica 
are most resistant. However, such cements depending on some reaction 
with the silicate tend to have a lower strength than carefully dried silicate- 
sand mixtures. . 

Vart! gives the following figures for the tensile strength of briquettes 
formed from quartz, sand, and Na,O, 3.3 SiO, of specific gravity 1.39. 
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Tensile Strength of 
Briquettes dried to 
Constant Weight at 49° C 


Parts of Silica Parts of Silicate 








100 ze 612 
iso 556 
29.5 706 
27.8 1472 
26.0 1603 





A study of binders used for periclase (MgO) refractories showed that 
Na,O, 3.2 SiO, solution gave better results than any of the other commonly 
used materials fired to 1800° C 1%, 


TABLE 46 


PROPERTIES OF MGO REFRACTORIES FORMED WITH COMMON BINDERS. 
(POLE, BEINLICH AND GILBERT) 














Specific Weight Za Unfired Total 
Hite Gravity Percent Initial Compressive} _ Linear 
BPX Sent of added Set (hr) strength Shrinkage 

8 Agent lb/sq.inch % 
50% Na,O, 3.2 SiO, 1.20 11,75 0.5 492 a0 
25% Na,O, 2 SiO, 1A! 6 YL) 1 541 ya 
silica sol * 1.81 12.00 25 97 4.4 
1% Dextrin as solid 11.00 8 189 ek 
1% Flour as solid 8.50 oh 88 pe 
Molasses 1.22 10.5 1 — ** pes, 

















Fundamental studies of the characteristics of refractories of pyrophyl- 
lite (A1,03.4SiO,.H,O) have been made by GREAVES-WALKER ef a/, 220, 
While most of their work on drypressed brick was done with sodium 
silicate binders, they have compared the effect of sodium aluminate, 
alumino-silicate gels and zinc phosphate besides certain organic binders. 
For overall results they prefer 1.5% (anhydrous basis) Na,O,3.2 SiO, 
solution (1.4 specific gravity). The addition of binder decreases porosity 
and shrinkage and decreases the Pyrometric cone equivalent but increases 
the tensile, shear and compressive strengths. 


* Na,O : 40 SiO, with (NH,),CO, to accelerate set, 
** merely compressed and still plastic. 
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TABLE 47a 


PROPERTIES OF PYROPHYLLITE REFRACTORIES BOUND WITH COMMON MATERIALS 


(GREAVES-WALKER ¢ a/.) 








369 








Dried Properties 

















Fired (Properties (1335° C) 














Binder —_——— 
Percent : ; 
Percent | Compressive Apparent Apparent Linear 
ie Strength Porosity Porosity Firing Expan- 
Ibs/sq. inch Percent Percent sion Percent 
Na,O :3.2SiO, water 
0.00 4.5 2,200 13.50 19.45 2.0 
0.40 3.4 2,610 13.79 17.00 2.0 
0.80 2.8 2,705 13.84 17.15 2.0 
1.20 2.1 B,315 12.76 16.20 2.0 
1.60 1.5 3,731 12.51 15.95 2.0 
2.00 | 0.9 4°680 12.15 15.50 2.0 
NaAlO, 
0.00 2,200 13.50 17.45 2.00 
0.45 | / 2,520 14.02 16.25 2.00 
0.85 | 27915 13.06 15.15 1.90 
1.20 | 3.680 12.58 14.95 1.90 
1.60 | 4,540 12.29 14.55 1.80 
2.00 | 5,405 11.67 14.10 1.90 
2.40 | | 5,610 11.60 13.15 1.90 
Na,O,A1,0,.2,7SiO, (gel) 
Sod. silicate 
0.0 | 0.00 2,200 13.50 17.45 2.00 
0.2 0.15 | 2,180 13.09 16.05 1.99 
0.4 0.30 2,613 13.02 15.65 1.99 
0.6 0.45 2,908 13.01 15.15 1.99 
0.8 0.60 3,000 12.71 15.10 1,99 
1.0 0.75 3,175 12.59 14.95 1.99 
1.5 | 1 Fe BJ 3,530 12.97 14.80 1.99 
ZnO,2P,O,/ water center 
0.00 4. | 2,200 13.50 17.45 2.0 
0.25 4.30 2,205 12.83 16.80 2.0 
0.50 4.07 2,495 12.30 16.40 2.0 
0.75 3.85 2,652 12.14 16.15 2.0 
1.00 3.63 2,885 11.83 15.45 2.0 
1.25 BB he 3,265 11.72 14.70 2.0 
1.50 3.20 3,555 | 11.97 14.80 | 2.0 
TABLE 47 b 
: Percent Impact Strength Pyrometric Cone 
Bonding Agent | anhydrous | ecdods Equivalent 
NaAlO 2.00 128.3 51:5 
Na,O,Al,O3,2.7SiO, 1.50 98.8 29-30 
+ Na,O,3.2SiO, 1.13 
Na,O.3.2SiO, 1.50 128.3 aren 
Standard aes 113.7 
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The thermal expansion curves were similar for all acceptable binders 
and were largely determined by the body composition. The 
standard of comparison was a 
high grade fired refractory of 
Missouri fireclay, considered 
one of the best manufactured in 
the United States (Fig. 139). 
They #21 have also studied cold 
setting cements in which they 
used Na,O,2.44 SiO, solution 
(specific gravity 1.56), the solu- 
tion chiefly used with plastic 
cements which are to be stored 
or shipped. 

For a composition of 70% 
pyrophyllite, 10% kyanite, and 
20% ball clay the following 
results were found (Table 48). 


TABLE 48 
PROPERTIES OF PLASTIC OR COLD SETTING CEMENT (GREAVES-WALKER ¢f ai.) 





Fig. 139. Both pairs of refractory brick were 

bonded with the same sodium silicate cement. 

There was no shrinkage of the fired block on 

the left compared to the air dried block on 
the right. 





| ; Fired (Cone 5) (1205° C) 














Tensile 
Na,O, 2.44 strength Drying er Poro- 
Si cold set in cubes % ear sity 
: a Ibs/sq. in. : lbs/sq. in. shrinkage (appa- PCE 

rent) 

5 245 1.2 10 0.9 11.9 

10 440 3.6 8 +1.9 21.0 

iD 505 1 Fy? 26 0.9 2.6 26 
eee C) 

















The PCE (Pyrometric Cone Equivalent) reached an approximate minimum 
at 10% sodium silicate and dropped with a straight line relation from the 
original Cone 32 (1700° C). 

The use of dilute liquid phases results in high shrinkage of the finished 
bond. The overall expansion coefficient may be significantly controlled 
by choice of the type and amount of aggregates. For instance, cristobalite 
has a higher coefficient of expansion than does quartz. The effect of 
shrinkage and expansion may also be controlled to some extent by the 
* ackness of the cement layer. A very thin lay 


er is necessary in laying up 
refractory bricks. 
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The use of dry powdered silicate in premixed mortars was studied by 
HeinpDi and PENDERGAST *. They found that a minimum of 7.5% of 
Na,O,2 SiO, and 10% Na,O,3.2 SiO, was required for use witha Pennsyl- 
vania fireclay. When mixed for at least fifteen minutes the mortars produced 
test specimens with a transverse strength of 2500 lbs/sq. inch. The silicates 
were spray-dried powders containing 17.5% water. 

In addition they found that even three months storage in sacks resulted 
in poor strength related to an increase in CO, but after five years in iron 
drums, the strengths were still at the maximum. 

Formulae vary from the soluble silicate solutions alone to mixtures 
which sometimes appear to be limited by mans’ imagination. They are 
used as refractory cements for laying bricks for boilers, ovens, furnaces, 
chimneys, and for repairing and protecting stoves, pickling and plating 
tanks, drains, floors, sewers, etc. For boiler settings the addition of a dilute 
Na,O, 3.7 SiO, solution is recommended to add some stickiness and 
prevent the lute of water, fireclay and ground fire brick shrinking away 
from the bricks. Broken saggers are repaired with 2 parts of Na,O,3.22 
SiO, to 1 part of clay and enough water to give a cream. The bond will set 
on standing overnight. Ready mixed cements of silicon carbide, fire sand, 
raw fire clay and powdered hydrated Na,O, 3.3 SiO, are used in large 
amount for it is usually preferred to purchase materials from manufacturers 
who have such compounds under continual development. 

In the concentrators for sulfuric acid, an acid proof cement for acid 
resistant brick is made 
of fine pure quartz sand 
and Na,O,3.7SiO, in 
about the proportion of 
1 part soluble silicate to 
1 part graded quartz. 
Such construction may 
require 30 days of air 
drying for best results. 
Linings for sulfite diges- 
aay of etap teed Salt Co. ters used in paper mills, 


Fig. 140a. Tank for hot hydrochloric acid lined with however, take a more 
brick using acid resistant sodium silicate cement. allealine. solution. ‘Ihe 





eee 


ee 
et 


Na,O,2.4SiO, silicate is added to 1 part of Portland cement and 2 parts 
of 20 mesh quartz sand. Since the reaction of Portland cement is rapid the 
mortar is mixed for one brick at a time. Other reactive materials such as 
metallic sulfides and sulfates may be incorporated. One type with a 
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controlled reaction time results from forming a gel coating on the reactive 
particles by pretreatment in sodium silicate. The cement is later prepared 
by mixing with additional soluble silicate *°. 

Proprietary mixtures for use in pickling and plating shops which require 
acid resistance are often mixed on the spot (Fig. 140). One portion may 
contain a soluble silicate, the other a filler and a substance which will react 
to cause set independent 
of evaporation. 

In this type, acid resis- 
tance and set are ob- 
tained rapidly by the use 
of metallic silicofluoride 
and fluorides, silicon and 
its alloys, and similar 
materials. The cements 
are so balanced that the Byes. se 
products are neutral or Courtesy of Pennsylvania Salt Company 
acid. It is also important 
to use a concentrated 


silicate solution with a water content found to give the strongest cement 
224—226 





Te oe 





Fig. 140b. Dissolving iron scrap in the finished tank. 


A typical commercial acid-proof silicate cement gaged with liquid 
Na,O,3.2 SiO, (38° Bé) will start to set in twenty minutes and reach a final 
set in about an hour. After a week, the tensile strength will be about 
350 Ibs/sq. inch, compressive strength 3638 Ibs/sq. inch, modulus of elasti- 
city 800,000 Ibs. It will adhere to brick, iron or stone with a strength of 
about 100 Ibs/sq. inch which is three or four times the adhesive strength 
for Portland cement. Shrinkage is less than that of the ordinary slower 
setting silicate cements. The coefficient of thermal expansion from 25° 
to 260° C-12 x 107 in./in./°C—approaches that of steel. It loses strength 
above 400° C and vitrifies at 980° C 227, 

A somewhat preferable formula might use 2°; 
93.4 g powdered quartz 
4.6 g sodium silicofluoride 
2.0 g calcium silicofluoride 
30 cc of Na,O, 2.4 SiO, (48° Bé) 
The compressive strength is about 7000 Ibs/sq. inch. 

Another longtime use for silicate cement is in the preparation of abrasive 
wheels many of which continue to be made by coating each grain withviscous 
Na,O, 2SiO, solution, tamping, air drying and baking at temperatures up 
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ro o00° C. An insoluble bond forms by reaction with clay which is added 
part by part with the sodium silicate. When silicon carbide grains are used 
as the abrasive, they react with the silicate binder to form small amounts 
of hydrogen gas and oxidizing agents are added to such mixtures to take 
up this gas which would otherwise form bubbles and weaken the bond 29, 

When the melting point of the flux is much exceeded, the charge expands, 
“bloats”, instead of shrinking 227. 

The preparation of buffing, polishing, and grinding surfaces on fabric 
discs is accomplished by applying a mixture of abrasive grain in sodium 
silicate. The usual method has been described by the General Motors 
Overseas Operations *°°, 

A more rapid method, less wasteful of the abrasive grain is to apply the 
mixture as a spray to the face of the wheel without removal from its place 
Be use 22, 

A newer use is the field of binders for welding rod coatings which 
developed very rapidly prior to the last war. These sheathes prevent atmos- 
pheric contamination, control weld composition and cover the joint with 
slag as insulation. They are complex mixtures and nearly all use either 
sodium or potassium silicate or both depending on the possibilty of 
contamination of the metal to be welded, tensile strength required, and 
the need for the smooth arc which is a property of the potassium 
mrcate. +55, 25°, 

Welding rod coatings have been classified by the American Welding 
Society and the American Society for Testing Materials **4~°° into series 
allowing minimum tensile strengths of deposited metal ranging from 
45,000 p.s.i. to 100,000 p.s.i. The chemical constitution of the coating is 
only roughly indicated as “high cellulose potassium” etc. 

Table 49 gives compositions meeting the AWS-ASTM series 60 Classi- 
fications indicated 236, The deposited metal has a minimum tensile strength 
of 62,000 p.s.i. 

The patent field is far too extensive to do more than note representatives 
as an introduction *7, 28, 

Gas tight cements for spark plugs have been the subject of much 
suggestion but at present in the United States the trend is to conductive 
seals. 239 The cements require careful handling and carefully sized fillers 
to obtain the needed density. Water resistance may be increased by treating 
the exposed surface with an acidic substance. Zinc oxide and calcium 
carbonate react more slowly. 

Other reactive compositions such as magnesium silico-fluoride and 
sodium silicate with about 90% of ground alumina as filler have been used, 
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TABLE 49 


BASIC COATING COMPOSITION OF THE FUNDAMENTAL ELECTRODES AWS — ASTM 
(Allis Chalmers Mfg. Co.) 








, Electrode Classification 
Coating Material 


E-6010 | E-6011 | E-6012 E-6013 | E-6020 | E-6030 














Gum and/or resin i) i 3 3 0 0 
Cellulose 1 1 5 2 3 2 
Feldspar: 

Al silicates 3 3 2 2 2 2 
Clays: 

Al silicates 0 0 3 3 3 > 
Talcs: 

Mg silicates 3 3 3 2 = 4 
Titanates 

Rutile, TiO,, etc. 2 2 1 1 0 0 
Fe oxide 0 0 3 0 1 1 
CaCO, 0 rs 0 3 5 0 
Asbestos 2 2 a 3 a + 
Ferromanganese 2 2 z 2 1 1 
K silicates or salt 0 2 0 1 0 0 
Na silicates 1 2 2 2 2 2 

a a oe 

0 = generally not used 3 = small or optional 
1 = large quantities 4 = medium amount or optional 


2 = medium quantities 


The concentration of the waterglass, presumably Na,O, 3.2 SiO, solution 
was found to be important. About 30° Bé was satisfactory where high 
temperature resistance was not required. Where high temperatures were 
encountered, a solution about 40° Bé was needed 240, 

Drerz prefers to use metal oxides which will form with the soluble 
silicate self-hardening compositions which will at the same time be infusible 
at high temperatures and bind the spark plug parts into a unit 241, 

Numerous combinations of fillers have been used for cements between 
glass, china or metals. Some such as CaF, and CaCO, react to forma bond 
rapidly. Paper soaked in Na,O,3.7 SiO, may be satisfactory for combining 
non-porous substances or asbestos may be used particularly where resistance 
to higher temperatures is desired. Fibers help to avoid shrinkage and 
maintain the cement in the bond. It should be noted too that coating 
cellulose fibers with silicate allows their use at higher temperatures as 
carbonation by oxidation is greatly retarded. They may thus be used up 
to temperatures at which destructive distillation begins. 

There is a myriad of references ‘to the use of sodium silicates in the 
formation of moldable products. The silicate acts Principally as an adhesive 
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between filler particles. In this group could be listed the whole range of 
fibrous organic and inorganic materials such as asbestos, sawdust, straw, 
abrasive grains etc. and many powdered inorganic products #47. One large 
scale use in this group is the briquetting of coal 242~®44 and soluble silicate 
also has been used commercially for briquetting iron ore 24° and the bath 
for glass furnaces *46, The powdered or fibrous materials are wetted with 
a dilute silicate usually of highly siliceous ratio since such silicates of soda 
set more rapidly. The silicate of soda besides providing a positive bond 
may also control the rate of combustion of the coal briquettes or smelting 
of the ore briquettes and adds fire resistance to organic fillers. 

The reaction of lime with sodium silicate is often brought into play. 
Brake linings or clutch facings resistant to high temperature are made of 
wire wound with a fiber having asbestos as its principal constituent 74. 
The fibers are soaked in silicate solution, then in lime or other reactive 
metal salt solution and then dried at about 100° C to set the compound. 
Higher temperatures allow variation in the reaction products. Additional 
binders such as rubber or bitumen may then be added to give resilience 4. 

Soil stabilization for impermeablizing or strengthening with soluble 





8 


Courtesy of Siemens-Bauunion 


ed for the dual solution system of cementation is shown 


ig. . The apparatus requir rf ce 
Ya # ‘ 1 in preparation for the Berlin sanitation system 


in this view of a tunne 
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silicates or other cement, unlike briquetting, usually depends on some 
reaction, either with added elements or with the soil to be stabilized. 
Added elements, acids or salts which will form gelatinous precipitates 
such as the inorganic acids, NaHCO;, Al,SO,, CaCl,, are pumped into 
or mixed with the soil formation following injection of the silicate solution. 
In some cases the proportions can be regulated so that a single solution 
containing the reactants can be pumped into the earth formation before 
gelation occurs. In sucha case, the solutions are dilute and the gel-soil 
structure is weaker than when two more concentrated solutions are used. 
Where the reaction is with the soil, it may be a result of base exchange 
with soil clays or other components, or of a reaction such as occurs with 
loess or dolomite 75-252, Electrolysis of the formation has also been used 
to provide reactive ions #5 254, Sand, clay, fissured rock, ash and cinder 
dumps, diatomite, and masonry are all among the formations which have 
been treated. 

The most widely known uses for the processes are stabilization of soils 
for building foundations (Fig. 141), sealing water bearing strata in mines, 
preventing cave-ins from strata of heaving shale or bentonite and con- 
solidating road beds or surfaces 255~258, 


§ 10. DENTAL CEMENTS 


For the care and filling of teeth of civilized man, tons of specialized cements 
ate made annually in the United States alone. These cements are not as 
familiar to the industrial chemist for whom other compositions are better 
adapted but it is estimated that they are used in 50% of all dental restora- 
tions. A dental cement must resist solution by the oral fluids, must have 
a coefficient of thermal expansion comparable to that of the natural tooth, 
must have a low heat conductivity, must have a surface similar to that 
of normal dentine and must be capable of easy molding during placement 
but set very rapidly once it is in position. These requirements have been 
most satisfactorily met by “silicate” ceménts in the form of a ground-up 
frit of complex composition. It is important to remember that so-called 
dental “silicate” cements are not simple sodium silicates but rather the 
powders are finely ground vitrified complexes containing silica. The set 
cement is the reaction product of the frit and phosphoric acid. These 
cement powders are mixed with phosphoric acid just prior to use as a 
filling. Other cements are also used to a lesser extent. The whole subject 
is very capably surveyed by SoupER and PAFFENBARGER 28, and their 
book is the basis of the following discussion. 
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One of the advantages of a cement is its property of thermal insulation 
and cement linings are often used in deep cavities for this purpose. Table 50 
shows representative values for materials in common use. 


TABLE 50 


A COMPARISON OF THE THERMAL CONDUCTIVITY OF WELL-KNOWN MATERIALS 

















. Thermal conductivit 
Material rallliwates fom*/°C fem: 
gold 2940 
platinum 696 
stainless steel 145 
window glass 10.5 
dental cement 4.8 
hard rubber 1.6 





In general, the cements must depend on mechanical factors to hold their 
position as they do not appear to adhere to the surfaces. Flat sections of 
teeth and ivory do not show any bond after cement had been allowed to 
set for 24 hours immersed in water. Restorations are held by mechanical 
interlocking of the material with the roughened surfaces, and by the 
frictional resistance of the sand-like particles in the interface. 

The dental cements have been classified as 

(1) zinc oxychloride, zinc oxide-eugenol 

(2) copper phosphate, zinc phosphate 

(3) classes 1 and 2 along with silver, copper or mercury salts 

(4) silicate and zinc phosphate — silicate. 

Zinc oxychloride is a saturated solution of zinc chloride made up with 
zinc oxide and cannot be used in contact with soft tissues. It is therefore 
limited to cavity linings and root canal fillings. With Sorel’s cement, they 
are discussed above. 

A mixture of zinc oxide and eugenol is used only 2s a temporary cement 
and as a pulp-capping material. In one representative mixture the com- 
position of the powder was 99.8% zinc oxide and 0.2% zinc acetate while 
the liquid was 100% eugenol. [C,H,(C,H;)(OCH ;)OH]. When used in 
a ratio of powder: liquid of 2.2 this cement had a setting time at 37° C 
of 5.5. minutes. After 7 days its compressive strength was 2000 Ibs/sq. 
inch and the solubility test showed 0.7% in the first 7 days. It lost 0.1% 
as dissolved and disintegrated material when held in water for 7 days. 
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A more complex composition of this group is 


Powder: ZnO 70.25% 
hydrogenated rosin 29.40% 
zinc acetate 0.35% 
Liquid: eugenol 85: Ss 
olive oil 15) 


When used with a powder: liquid ratio of 8.5 this cement had a setting time 
of 9 minutes and a compressive strength of 5500 lbs/sq. inch after 7 days. 
Its solubility was only 0.02%. 

The copper phosphates contain cuprous or cupric oxide and are used 
chiefly for their antiseptic value as they tend to have a short life. 

The zinc phosphates are used for cementing appliances in place and are 
more widely used. 

A mixture of zinc oxide powder and concentrated phosphoric acid reacts 
rather violently with intense heat when mixed but in dental work the small 
amounts used are spread on a chilled slab so that the temperature does not 
tise above that of the mouth tissues. 


TABLE 51 


TYPICAL COMPOSITIONS OF ZINC PHOSPHATE CEMENTS AND THEIR PROPERTIES 
(SOUDER and PAFFENBARGER) 























ee eee 
Sample | B | G E | F | I K 
| 
Powders 
ZnO 99.7 98.0 92.4 90.3 89.5 88.0 
MgO 12 8.2 9.4 9.4 
SiO, 0.1 0.1 1.4 0.3 0.8 
R,O, 0.1 0.06 0.1 
Bi,O, 1.8 
Liquids 
EO: 55,2 64.3 | 64.6 52.6 57.9 64.0 
Al 3.4 el, 2.7 fe 2.8 3.2 
Zn 3.1 1.6 re 
Mg | 0.3 











Physical Properties 
ue time-minutes| 6 8 9 7 
ompressive 13,500 1 
Seckrieeeome 2,500 12,500 | 13,500 12,500 13,000 
week (lbs/sq. inch.) 
Solubility and dis-| 0.10 0.10 0.15 
integration during 
first 7 days (per cent) 


0.10 0.20 0.20 
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. The relation of the properties of the set cement to the amount of gaging 
liquid is instructive of the care necessary to obtain the optimum results 
from any cement. 

The setting time of these cements increases as the amount of liquid is 
increased. For instance, for formula C when 0.25 ml of liquid was used 
with 1 gram of powder the setting time was 7 minutes whereas with 0.5 ml 
the setting time was 21 minutes and with 1 ml the cement had not set after 
120 minutes. Dilution of the liquid phase also tends to decrease the setting 
time. In formula Cagain, the setting time was 21 minutes witHout dilution 
whereas when the liquid was diluted 10% by volume the setting time was 
8 minutes. The ratio of powder to liquid is very important as a determinant 
of the final compressive strength. For cement F, for instance, when 1 gram 
of powder was used with 1 ml of liquid the compressive strength was 
5500 Ibs/sq inch. When the ratio was 1 gram of powder to 0.5 ml. of liquid 
the compressive strength was 9000 Ibs/sq inch. When the ratio of powder 
to liquid had been increased to 5: 1 the compressive strength reached an 
approximate maximum of 16,000 Ibs whereas cement I reached a maximum 
of 19,500 Ibs. These may be compared to the strength of human dentine 
which has a compressive strength of 30,000 Ibs/sq inch whereas strong 
enamel may exceed 100,000 Ibs/sq inch. Amalgams are available having 
crushing strengths of 45,000 lbs/sq inch. The compressive strength of the 
zinc phosphate continues to increase with time. Formula F hada compressive 
strength of 4,000 Ibs/sq inch in one hour, 13,000 Ibs in one day, 16,000 
after 1 week and 17,500 Ibs after a month. The compressive strength when 
stored in distilled water was 9,000 Ibs/sq inch after 24 hours and 11,500 Ibs 
after 6 months. At that age after storage in liquid petrolatum its strength 
was 13,000 lbs/sq. inch. In general there is little difference between storage 
in distilled water and in oil. 

The zinc phosphate cements form a crystalline material when setting 
whereas the “‘silicate”” cements appear to form primarily colloidal materials 
of gelatinous nature. While the “‘silicate” cements are the most widely used 
they are also considered to be the least permanent of the so-called permanent 
materials and their primary use is for fillings. 

In Table 52 mixtures F and L of silicate-zinc phosphates are included. 
These latter tend to be even more brittle than the other dental cements 
and their specific use is as a translucent cementing material. 

In general, it may be said of the silicate cements that they are more brittle 
and about # as strong as the zinc phosphate-silicate cements. Their average 
strength is about 24,000 Ibs/sq inch. Most silicate cements appear to reach 
their maximum strength in about a week when stored in distilled water. 
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TABLE 52 


THE COMPOSITION OF SOME “SILICATE”? AND SILICATE-ZINC PHOSPHATE CEMENTS 
AND THEIR PROPERTIES (SOUDER AND PAFFENBERGER) 


A D F J F 
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Ratio of liquid to powder 
to produce standard 
consistency 0.26 0.27 0.26 


setting time at mouth 
temperature (minutes) 4.0 6.0 4.0 


compressive strength at 
one week (lb/in?). 21,350 21,700 28,950 





solubility and disinte- 
gration during first 
7 days (%) * 1.6 1.4 0.8 








They attain somewhat higher strength when stored in saliva and oil. For 
instance, formula A had a strength of 19,500 Ibs/sq inch after 1 week in 
distilled water and 25,000 Ibs in 6 months. Stored in saliva the strength 
after 6 months was 26,000 Ibs while in oil the strength was 30,000 Ibs/sq inch. 

The ratio of liquid to powder is important as in most cements. At a 
0.25 ratio, one cement set in three minutes at 37° C. In one week the com- 
pressive strength was 23,000 Ibs/sq inch whereas at 0.33 ratio, the setting 
time was seven minutes and the strength was 19,000 Ibs/sq inch. 

Shrinkage in 24 hours was 16.5 microns/cm in the first case and 35 in 
the second. Total solubility in 5 weeks was 2.2% for the first and 3.3 for 
the second. . 

Solubility is a very important characteristic of silicate cements since their 


* The disintegration during the fifth week was about 10% of the first. 
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average life expectancy today has been said to be 4} years. However, “It 
is not impossible to place silicate fillings which will last 10, 20 or more 
years.” The solubility loss is greatest in the first week but slowly continues. 
For instance, in one test a cement lost 3.0% in one week in distilled water 
_ at 37° C, whereas in the 4 succeeding weeks it lost on an average of 0.4% 
each week. As noted above, distilled water is much more corrosive than 
saliva. 

Silicate cements tend to be on the alkaline edge of neutral, about px 7.5. 
The px of course changes with time since phosphoric acid is added to the 
original frit. Most cements approach neutrality about the end of 24 hours. 
For instance, the record of one cement showed a px of 3.5 at 15 minutes, 
4.4 at one hour and 5.3 at 6 hours and 5.5 at 24 hours, where the distilled 
water used as the solvent had a pu of 5.6 to 6.0. 


TABLE 53 


PROPERTIES OF “SILICATE”? CEMENTS COMPARED TO ENAMEL AND DENTINE 
(SOUDER AND PAFFENBARGER) 











] —$—— 


Opacity Knoop Hardness 
° 








Index of | 
Refraction Wa kg/mm? 
| i 
Enamel 1.60 | 39 | 267 
Dentine 1.56 70 | 55 
Silicate cement (set) 1.45—1.48 25—57 54 
Zinc Phosphate cement | — 100 | 36 
| 
TABLE 54 


COEFFICIENT OF EXPANSION (20—50° Cc) OF DENTAL MATERIALS 
(SOUDER AND PAFFENBARGER) 








tooth—root ee ee Ae UV oa 
tooth—across crown 
tooth—root and crown 
silicate cement 

rubber 

porcelain cement 
methyl methacrylate 


™— CO 


ao ww 
Gl ee ee ee 
PRONCOROADA 





platinum 2 
zinc 

copper 1 
amalgam (minimum) 2 
gold 1 


The net dimensional change of a silicate cement is composed of small 
internal volume shrinkage in those parts protected from moisture and an 
expansion in those parts reached by the moisture. Where moisture is 
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admitted too rapidly over-expansion may result in a soft or spongy layer 
(Fig. 142). 





Courtesy of National Bureau of Standards 


Fig. 142. The lighter less translucent half of this disk of “silicate” 

dental cement was immersed in water two minutes before the 

time of setting while the darker half was immersed four minutes 

after the time of setting. As the parallel scratches show, the 

latter was scarcely affected by soaking seven days while the 
lighter side was soft and spongy. 


§ 11. CONCLUSION 


As is the case with many industrial products, there is an extensive literature 
on sodium silicates which is not readily available to the non-specialist or 
novice. Much is widely scattered and appears aside from the topic suggested 
by the main heading. In this chapter we have tried to bring together the 
information available on the properties of inorganic adhesives and cements 
and to indicate the location of more specific information on a wide variety 
of uses. However, space has permitted only a limited bibliography. The 
manufacturers of industrial chemicals are usually provided with sources 
of precise information and are glad to answer inquiries. 

It would be unfair to conclude this chapter without acknowledging our 
debt to many members of the Philadelphia Quartz Company who, over the 
years, have worked in this field and gathered, studied and judged the 
published literature. 
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CHAPTER 7 
RUBBERY ADHESIVES 


G. SALOMON and W. J. K. SCHONLAU 
Rubber-Stichting, Delft (Netherlands ) 


§ 1. mnvTRODUCTORY 


The tacky nature of a film, prepared from a raw rubber solution, makes 
the use of rubber as an adhesive obvious and the earliest patents in this 
field were granted more than a century ago}. Rubber combines ease of 
flow (#.e. a low yield point) with a high degree of flexibility, but lacks 
strength, shear and heat resistance. These properties are improved by 
vulcanization. The development of adhesive solutions based on rubber runs 
therefore parallel with the continuously changing technique of vulcani- 
zation. Many processes in the leather, textile and paper industries, originally 
carried out with rubber solutions, are now performed with latex, the use 
of which opens up new fields for rubber as a binder for inorganic fillers and 
cements. Here again vulcanization is frequently an essential part of the 
process. Along with these two liquid states of rubber the dry, solid polymer 
can be transformed into adhesive tape by milling and calender frictioning 
a thin layer of rubber upon textile or other carrier sheets. 

The most important use of rubbery adhesives is, however, their applica - 
tion in the bonding of rubber to metals and to textiles. The sudden change 
in mechanical properties from an elastomer to a metal has led to a variety 
of bonding methods, all of which have individual merits. This problem of 
bonding rubber to metals has recently become further complicated by the 
appeareance of whole families of “elastomers” and plastics on the market, 
which are all mechanically related to rubber, but have a different chemical 
structure. A similar extension of possible combinations has resulted from 
the introduction of rayon and full synthetic fibres into the automotive and 
textile industries. 

In view of the great variety of adhesives and auxiliary compounds discussed 
in this Chapter, it may be well first to describe briefly those structural 
relationships which are essential to an understanding of adhesive properties. 
References p. 423 
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§ Z. CORRELATIONS BETWEEN STRUCTURE AND PROPERTIES 
OF RUBBER ADHESIVES 


(a) Flexibility of Raw Polymers? 


An adhesive film joining a rubber to a rigid material can have the mechanical 
properties of either component or, preferably, intermediate properties. In 
laminating flexible materials, such as paper, leather or textiles, the adhesive 
film must be flexible as well. It has been found in recent years that the 
limiting temperature at which a polymer breaks on rapid deformation is a 
characteristic constant depending essentially on the properties of the 
molecular units. Rubbery adhesives can be divided roughly into two classes, 
according to the value of their “brittle point” temperature. Those with 
a low brittle point (Table 55) are flexible, but usually have little tensile 
strength and shear strength in the unextended state, while the second 
group (Table 56) consists of plastics with a high yield point which are 
rigid at 20° C. 

It is clear from Table 55 that the brittle point of all elastomers is well 
below 0° C. The lowest value for polybutadiene is gradually raised by the 
introduction of voluminous (CH;) or polar (Cl) substituents, copolymers 
with bulky (C,H;) or polar (CN) groups producing the same effect. Two 
plastics are included in this series: polyethene and gutta-percha. They are 
crystalline up to about 60% and therefore possess a high yield point but 
share the flexible chain with the rubbers. 

Polar groups, present in many vinyl polymers as well as in chlorinated 
rubber, raise the brittle point. Cyclization of the rubber chain leads to a loss 
of molecular mobility and therefore also to a higher brittle point, which 
may be raised to more than 100° C above that of rubber, depending on the 
degree of cyclization. A large crystalline fraction determines the film-forming 
properties of rubber hydrochloride. The rigidity of these adhesive films is 
reduced by small quantities of plasticizers or solvents, or by the admixture 
of other polymers. As traces of solvent are retained with obstinacy by the 
film and since these adhesives are applied as cements, it is likely that they 
contain sufficient solvent acting as a plasticizer to make them flexible at 
moderate temperatures. These adhesives are closely related to the synthetic 
thermoplastics discussed in the foregoing Chapter. 

Whereas the mechanical properties of the adhesive film are readily 
understood, we have only a rough picture of the relation between structure 
and tack. Polyethene lacks all adhesive power, whereas gutta-percha is, like 
natural rubber, an excellent adhesive. It is probable that the small quantities 
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of oxygen, which are always present in olefinic polymers as -OH or —CO 
groups, contribute to their tackiness. GRS, however, which is also olefinic 
and contains some oxygen, has no adhesive power at all and polyethene 
contains similar quantities of oxygen, which obviously lack all efficiency. 
Some unknown property, perhaps differences in the ease of flow of thin 
polymer films, must be decisive for the adhesive properties of a raw polymer. 


(b) Vulcanization and Ebonite Formation * 


Cross-linking of an elastomer leads to a reduction of the plastic flow, 
increases the rate of elastic recovery and the modulus. Although many 
cross-linking agents exist, the only one used in industrial practice is sulphur. 
Sulphur groups in the rubber unfortunately induce oxidation and are there- 
fore kept at a minimum in a modern rubber vulcanizate. For the purpose of 
this Chapter it suffices to state that curing formulas for natural rubber, 
GRS and the nitrile rubbers are very similar, while Neoprene cross-links 
on heating even in the absence of sulphur. There are three components 
essential to a rubber mix, v/z., 1-3% sulphur, 0.5-2% of an organic 
accelerator and zinc soaps formed from zinc oxide and fatty acids, which 
are partly present as a natural impurity and are added as non-volatile fatty 
acids, stearic acid being the most widely used. Accelerators are compounds 
capable of activating the sulphur (probably by the intermediate formation 
of loose complex compounds) to such a degree that rapid reaction with 
olefines can occur between 20° and 150° C. Certain sulphur-containing 
accelerators (Thiuram) are capable of vulcanizing rubber even in the 
absence of free sulphur. The vulcanizing temperature depends on the type 
of accelerator used. Table 57 gives the principal properties of the accelerators 
mentioned in this Chapter. 

Sulphur chloride produces cross-linking in rubber cements at 20° C 


TABLE 57 


NAME, COMPOSITION AND ACTIVITY OF ACCELERATORS 























Vulc. time poo: 
Trade Name Chemical composition at 142°C. Applica 
minutes characteristics 
D.P.G, Diphenylguanidine 45 Cheap 
Captax Mercaptobenzothiazole 20 Normal 
Altax Benzothiazyl disulphide 20 Slightly delayed action 
Santocure Captax — amine complex 20 Delayed action 
T.M.T., Tuads| Tetramethylthiuram disulphide 5 Ultra accelerator 
Methyl zimate | zinc dimethyl dithiocarbamate 3 Activator for Captax-Altax 
Butyl zimate | zine dibutyl dithiocarbamate 2 Ultra accelerator for latex 
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within a few minutes and is still used in the curing of articles having a 
thickness of less than 0.5 mm. It is, however, difficult to avoid bad aging 
of these vulcanizates and the lachrymatory properties of the vulcanizing 
agent are a drawback to its technical application. 

Fillers can be added as cheap diluents. Most fillers increase the modulus 
of the vulcanizate more or less, the carbon blacks being outstanding in 
_ this respect. It should be borne in mind that this reinforcing effect of active 
fillers is a function of temperature and is less pronounced at 70—100°C. 

Rubber heated with 12-20 parts of sulphur yields a leathery product with 
a strong tendency to oxidize. It is a useful adhesive interply in structures 
which are not in contact with air. The reaction product of rubber with 
30—40 parts of sulphur is black “‘hard rubber” or ebonite. Diffusion of 
oxygen through the rigid polymer is slow and, as there are only a few double 
bonds left, this derivative has excellent resistance to oxidation. 

The fact that the function of sulphur in low concentrations is essentially 
that of a cross-linking agent, has frequently led to the misconception that 
hard rubber owes its mechanical properties to a large number of cross-links. 
The correct interpretation of all observed facts produces a quite different 
picture, viz., the structure of ebonite is closely related to that of cyclized 
rubber; see Table 56. Ebonite swells strongly in chloroform and similar 
solvents. Taking the high cohesive energy density into account, the degree 
of cross-linking should not differ much from that ofa soft rubber vulcanizate. 
A high impact strength (average 40 kg/cm?, maximum 100 kg/cm?) supports 
these contentions. The hardness of ebonite is due to the same cause as 
that responsible for the hardness of cyclorubber, namely the rigid ring 
structure. The presence of polar sulphur groups enhances this effect. Hard 
rubber begins to soften above 60° C, which again is in agreement with the 
assumed formula of a sulphurized cyclorubber. These thermoplastic proper- 
ties limit the use of this versatile adhesive. 


(c) Isocyanates * 


This important new class of rubber adhesives has been discovered recently 
by the chemists of I.G. in Germany. Isocyanates are prepared by the inter- 
action of an organic base and phosgene. The isocyanate group R—N=C=O 
is extremely reactive with compounds containing active hydrogen. With 
water, for instance, the reaction product is a substituted urea: 


2 RNCO + H,O —--> RNHCONHR + CO,. 


This reaction can be used to build up long chain compounds and in the 
course of such research it has been incidently discovered that the isocyanate 
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group has excellent bonding properties. The compounds used at present 
are tri- or bifunctional monomers, which may be polymerized slightly on 
application, but are actually cross-linking agents, giving three or two 
dimensional structures respectively. The technical trend at present aims 
at “delayed action” or “masked” isocyanates, which would be easier to 
handle in the presence of moisture and at elevated temperatures. 
Isocyanates mentioned in this Chapter are: 

(1) The original German Desmodur R, a crystalline material, soluble in 
methylene chloride, 


NCO 
(2) The aliphatic H.D.I. is a free-flowing toxic liquid, 


OCN—(CH,),—NCO. 


(3) An (aromatic?) product from I.C.I. of undisclosed composition, 
Vulcabond TX, is a crystalline body soluble in aromatic and chlorinated 
solvents, 

OCN—R—NCO. 


(d). Tackifiers and resins 


In rubber technology two types of adhesive bonds are essential. One, a 
strong permanent bond, is produced by one of the compounds discussed 
in group a—c; the other type of bonding described by the term tackiness 
will be considered now. Tackiness implies the rapid formation of an 
adhesive bond, the strength of which may be either equal or much inferior 
to that of a permanent bond. In building laminated structures like tyres or 
belting, a temporary bond, sufficient to hold the plies together until they 
are vulcanized, will often be all that is needed, the main requirement being 
that adhesion between the surfaces shall take effect immediately under only 
slight external pressure. 

Natural rubber has tack for many surfaces but sometimes tackifiers like 
resin, coumarone resins or asphalt are added. The common feature of these 
agents seems to be a molecular weight between 200-1500, a rigid structure 
like that of cyclo-rubber and the presence of at least some polar or hydrogen 
bonding groups. The lack of tackiness in GRS and Buna S cannot be 
compensated for by these auxiliary ingredients, but a new group of resins 
References p. 423 


2 CORRELATIONS BETWEEN STRUCTURE AND PROPERTIES 393 


has been discovered by Reppe and his colleagues and further developed in 
the United States 5. 

It was stated originally that “Koresin” is the condensation product of 
tert. butylphenol and acetylene. The reaction becomes more obvious by 
writing the hydrate of acetylene, i.e. acetaldehyde thus: 


OH OH OH 
co ---------- H 
0 H -H,0 c 
Bee oe oe oe oe T -—eae_— = 1 
CH CH, 
c(cH,) 
3/3 CHg C(CH,]5 C(CHg)5 C(CH,), “ 


Only the resins prepared in acid solutions develop the typical tackifier 
properties. Those from alkaline solutions are chemically similar, but 
infra-red analysis shows that hydroxylic end-groups, which are essential for 
the formation of adhesive bonds, are probably lacking. The molecular 
weight of the resin is another critical property. Furthermore, it seems to 
be easier to substitute acetaldehyde by crotonaldehyde or formaldehyde 
(Arofene 775) than to change the phenolic constituent. Koresin, however, 
seems to represent the optimum balance of properties with GRS. 

The following hypothesis may be helpful towards explaining the valuable 
properties of Koresin. Many phenolic resins are good adhesives. To 
combine them with GRS they must be able to form a mechanical mixture 
with the rubber and must form a film of some rigidity. Brittleness of the 
resin films is overcome by the elastic backbone formed by the rubber. 
Mixing of rubber and resin depends on the molecular weight of the resin, 
the rate and degree of hardening, /.e. the previous history of the resin, while 
the brittleness of the resin film depends also on the flexibility of the 
elementary units of the resin. These factors must be balanced against the 
hydrogen bonding or polar groups, which provide adhesive properties. 

Koresin was worked out chiefly to solve the specific problem of building 
tyres from GRS. Elastomer resin combinations seem to gain prominence 
in a much more general way. Nitrile rubbers combined with phenolic 
resins are excellent bonding agents. This bonding power is less sensitive to 
the composition of the resin, but the nature of the bond is closely related 
to that of Koresin. 


§ 3. MEASURING THE STRENGTH OF A RUBBER ADHESIVE BOND ne 


The value of a rubber mix under many service conditions can be fairly 
accurately predicted on the basis of mechanical tests, although the mecha- 
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nical and aging properties of a technical rubber vulcanizate may be 
20-30%, lower than those inferred from the laboratory test mix. The most 
important factor is the poorer dispersion of compounding ingredients when 
mixing takes place in a factory. By contrast, the testing of a rubber adhesive 
bond gives only a rough picture of its properties. This is due to the fact 
that bonding in a laboratory can be done more accurately than in a factory, 
that the adhesive bond is less homogeneous than a piece of rubber and 
finally that a static test gives-no information as to dynamic fatigue of a 
joint. Even adhesion test pieces prepared with the utmost care ina laboratory 
may give totally unexpected rejects and factory-produced adhesion shows 
this defect in a much larger percentage. 

Conventional tests exist for classifying the viscosity, stability, cold brittle- 
ness and drying time of an adhesive cement. The resistance of the joint 
to corrosive chemical reagents, artificial and natural light and heat can also 
be determined by standard exposure tests. Bond strength can be determined 
by one of the following three types of static methods, which are modified 
sometimes for special purposes. 


(a) Measuring the Absolute Value of Bond Strength by the Pull Test ® 


This method is an adaptation of the classical tensile strength test to rubber. 
It is used mainly for testing the adhesion of rubber to metals, but has 
recently been modified for the study of fibre-to-rubber bonding. 
Adhesion of rubber to metals can be produced by one of the four 
different groups of adhesives discussed in § 5. For 
| testing, a cylinder of rubber is vulcanized in a 
mould between two metal parts according to the 
specification given in Figure 143. The specimen 
is properly centred ina conventional tensile strength 
testing machine, with a capacity of 10000 lb. The 
total pull at rupture is recorded and expressed in 
Ib/sq.inch or kg/cm? of the adhesive surface. There 
should be at least two vulcanizations of three test 
pieces each. The deviation from average for six 
Fig. 143. Dimensions ofa Samples is liable to be very large? ,and is still 
eee nae wee larger in factory experience; it may be considered 
adhesive bond strengthin © be of the order of 30%. 
a pull test. A test in which a standard piece of wire is 
vulcanized with a rubber sample and pulled out 
under standard conditions may be useful for special purpose testing. Pull 
tests designed to measure the adhesion of rubber to cord are based on a 
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similar principle. In the “H” test a single cord is pulled out of a block of 
rubber and the shear stress measured. Its reproducibility is low, but the 
test is useful for plant control of dipped tyre cord 8. 

The absolute value of the adhesive bond at room temperature is highest 
for ebonite and may reach 100-150 kg/cm?. The strength of rubber to metal 
bonds is usually between 40-80 kg/cm? and 20 kg/cm? is considered a 
permissible lower limit. 

From Table 24, p. 244, we learn that plastics adhere to metals with a 
strength similar to that of ebonite * (100-250 kg/cm2), while raw Neoprene 
and rubber give a bond comparable to that of the weaker adhesives 
(12-30 kg/cm?). The tensile strength at break of a high-grade natural 
rubber is 10 to 40 times higher (2500-4000 kg/cm? relative to the actual 
cross section). Two causes for this difference may be mentioned. In the 
first place, the high tensile strength of rubber is that of a thin standard test 
Piece, whereas a specimen cut out of a thick piece of rubber gives much 
lower values. In the second place, unfavourable strains are produced on 
the edges of the rubber-metal bond due to the enormous difference in 
modulus between the two materials. A highly loaded rubber with a corres- 
pondingly higher modulus therefore produces about 50-100% higher 
values in the test for the same adhesion bond. This is illustrated by Fig. 144 
based on experiments 
with chlorinated rubber. 
A pure gum vulcanizate 
separates under a pull 
force of 20 kg/cm?, for 
a rubber reinforced with 
44 parts of carbon black 
70 kg/cm? is necessary, 
but on further addition 
of filler the strength of 
the bond is reduced, 
probably because the in- 5 35d 
terface is now starved of 
ee eo tbon cone Fig. 144. Influence of carbon black concentration and 


ponent. modulus on strength of adhesive bond. Pull test, mean 


i i value of 6 test pieces. Typly Q (chlorinated rubber 
ee ones es adhesive), thickness of layer about 10 microns, natural 
the cause of bond failure a hestieereel: 


can be gained from a 
study of the fracture, which can be located either in the rubber or at the 


ply. When high-grade rubber compounds are used, failure occurs at the 














ge 
a carbon: black/iOOR 
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rubber-metal interface and not in the rubber. With ebonite interplies, the 
ebonite separates from the metal; when cyclorubber is used, failure occurs 
in the adhesive, while chlorinated rubber mostly sticks well to the metal 
and failure occurs here essentially between the rubber and the adhesive. 
In brass-plated joints the rubber is, of course, separated from the brass. 


(b) Relative Values obtained from the Friction and the Shear Test 


The stripping of a sheet of rubber or rubberized canvas cemented to a 
metal surface (see Fig. 145), gives, in principle, the same result as the pull 
test 9. Reproducibility, however, is much better. This is due to the fact 
that failure of the bond at one point does not affect the bonding of the 
residual sheet. One can see this effect from a diagram (Fig. 146), in which 
the actual stripping forces in kg per inch width of the test piece have been 
registered. It is seen that the variation in tensile strength is considerable, 
but an average value can be interpolated from the graph. Two precautions 
are necessary: soft pure gum mixes have to be vulcanized with a strip of 
canvas and friction between rubber to rubber at point B in Fig. 145 has to 
be reduced by wetting with glycerine. Results are then reproducible to 
within 10%. 


adhesion — 
kg/inch width 






50 


friction-test 


rubber B 25 





distance travelled by lower clamp 
Fig. 145. Friction test, for significance of Tensile, (oachnes 
of lubrication at point B, see text. 


' Fig. 146. Friction test, example of 
registration on a Schopper Dynamo- 
meter, Rubber-carbon black mix to 
metal. Value derived from graphic 
integration between arrows. 


In testing rubber-canvas adhesion, a strip of woven fabric is peeled away 
from a rubber-fabric sandwich. Although the forces expressed per unit 
width are not well defined, this accurate method is widely used, because 
the coefficient of variation for the “H” test mentioned above is at least 
six times greater. The rate of peeling impresses itself strongly on the 
measured adhesive strength and must therefore be accurately given. 
Specified peel tests are used for testing rubber-coated fabrics, friction tape 
and rubber hose. 
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The shear test is a suitable method for measuring a great variety of 
materials (see Chapter 9), Although absolute values, similar to those obtained 
by the pull test, are measured, their value depends somewhat more on 
experimental conditions. A special method, which is essentially a shear test, 
consists in bonding two concentric metal rings by a layer of vulcanized 
rubber. 


(c) Dynamic Fatigue 


A number of machines for testing the dynamic fatigue of rubber, rubber 
to metal bonds, fabrics or even whole tyres have been constructed !°, The 
principle underlying the design is that a rubber can be given an initial 
stress and then undergoes a periodic deformation, which can be either a 
compression or an extension. The essential point is not only the sudden 
change in load or extension (compression), but the evolution of internal 
heat, which is due to the hysteresis shown by all loaded elastomers on plastic- 
elastic deformation. Moreover, failure of the adhesive bond due to dynamic 
fatigue may be caused by differences in the modulus of elasticity for the 
two construction materials. It will be shown in the section of rubber-to- 
fibre bonding that such dynamic fatigue tests give more than 10 times 
greater differences between two similar bonds than those revealed by the 
static tests. The evaluation of adhesive rubber bonding in vibrating con- 
structions will therefore remain partly a matter of trial and error until 
dynamic testing can be standardized and placed on a sound physical basis. 


§ 4. FLUID ADHESIVES 
(a) General Remarks 11-16 


An elastomer can be used either in an organic solution (cement) or as an 
aqueous suspension (latex); both types of adhesive are applied in an uncured 
as well as in a vulcanizable form. The bulk of all rubbery adhesives belongs 
to one of these four types of liquids made up from natural rubber. Recently 
Neoprene, GRS, and nitrile rubbers in combination with other polymers 
have been added to the list of basic materials for adhesives (cf. list of patents 
at the end of this Chapter). 

At a rough estimate, probably about 5% of the world’s rubber con- 
. sumption is used in adhesives. This would be about 50,000 tons annually 
of dry rubber and about 2000 tons of latex. More than half of these quantities 
is applied in tyre production. An accurate estimate is not possible, as 
adhesives are mostly prepared in rubber factories for consumption on the 
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spot. The essential difference between latex and solutions is the low viscosity 
of the former. Latex with 40% rubber is about 100 times less viscous than 
a 10% rubber solution in benzene. Both viscosities can be measured by a 
penetration method or with a Héppler viscometer. 

Latex-based adhesives are used to join leather to leather, crepe rubber 
soles to leather, felt to leather, rubber to fibres, paper to paper, and as 
binders for inorganic fillers. Latex processing is very simple. The basic 
material can be purchased ready for use, stored (above 0° C) for an unlimited 
period, the concentration can be adjusted from 60% downward by dilution 
with water and its application involves neither fire risk nor health hazards. 
Latex adhesives are therefore rapidly taking the place of rubber solutions 
wherever possible. The 20-30% higher price of rubber in the form of 
latex is offset many times over by these advantages. Limitations are imposed 
by a number of apparently minor factors. Latex must be handled free from 
dust and talc, processing should therefore be separated from other sections 
of the rubber factory. Shipments of different lots are not identical in colloidal 
properties, ¢.g., rate of coagulation. The small consumer therefore encoun- 
ters difficulties in standardizing processing, but with large-scale use, 
homogenizing by storing in bulk becomes possible. 

Vulcanizing latex is used in tyre production, in making canvas for 
V-belts and in combination with paper, ¢.g., cardboard, where a yellow 
colour on aging is not objectionable. Unfortunately, vulcanization of 
latex is still an obscure art, which upsets many of the attractive factors just 
mentioned. Two suspensions, the latex and the vulcanizing ingredients, 
have to be mixed under accurately standardized conditions, stability of the 
latex mixture as well as the rate of vulcanization being very sensitive to 
small changes in the formula. 

Raw rubber solutions compete at present in the footwear industry with 
nitro-cellulose lacquers and vinyl polymers as adhesives for the production 
of a temporary bond. A fast-drying binder with a low-boiling solvent is 
frequently desirable. Non-inflammable solvents, such as trichloro ethylene, 
are expensive and highly toxic and therefore objectionable in mass produc- 
tion processes. Concentrated (20 %) tubber solutions are difficult to handle 
and their preparation involves heavy milling, leading to a degraded rubber 
with inferior film-forming properties. On storage the viscosity of such 
solutions tends either to decrease or the polymer may settle out as a gel, both 
types of aging being caused by oxidative reactions. Raw rubber solutions 
are used for joining rubber to rubber (if thermoplasticity of the joint is not 
objectionable), rubber to leather and for cementing rubber and linoleum 
flooring to the ground. Modern shoe repairers execute work on footwear 
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with the aid of rubberized adhesives where riveting or machine sewing 
would be very difficult or in some instances quite impossible. 

Vulcanizing solutions are definitely easier to handle than the corres- 
ponding latex systems and are widely used in rubberizing textiles, in 
manufacturing hoses and in the rubber industry in general. The frictioning 
of dry rubber on a textile base is a competitive method in the production 
of adhesive tape (see § 6). 

Latex can be applied by brushing on small areas or by spraying large, 
rough surfaces. Only brushing or picking up from dipping tollers can be 
used for the application of solutions. A smooth clean surface is in any case 
very essential. Cleansing with a solvent or mechanically with abrasive paper, 
with brush, sand or shot blasting are the conventional techniques employed. 

It is very important that adhesives should be used correctly. The appli- 
cation of an adhesive in solution to two surfaces which do not allow the 
solvent to escape, leads to low adhesion figures unless the film is dry. In 
cases where creep of the adhesive is objectionable, a thin film should be used. 

Simple polarity considerations are a sufficient guide in the choice of an 
“oil-resistant” joint between a polar and a less polar polymer. Sometimes 
only a weak temporary bond, such as is produced by raw rubber, is required. 
In shoemaking operations it must be possible to unstick a faulty bond. In 
tyre production, on the other hand, a firm bond between rubber and fibre 
is produced by vulcanization. For certain elastomer-fibre combinations 
cross-linking with the aid of isocyanates becomes preferable. It is obvious 
that a special rubber adhesive serving all purposes cannot exist, but a 
combination of two polymers, preferably on a nitrile rubber base, goes a 
long way towards realizing that desirable end. 


(b) Adhesives based on Latex 


Natural rubber occurs in the form of globules with a diameter of 1-3 uw. 
They are kept in suspension in the serum by a layer of proteins. Fermentation 
processes are prevented by the addition of ammonia. The serum and the 
rubber globules contain natural antioxidants, which retard oxidation, and 
fatty acids, which influence the rate of vulcanization. Either concentrated 
latex of about 60% dry rubber content or ordinary 40% latex is available. 
Latex from the rubber-producing countries is shipped almost without 
exception in a concentrated form and in the latex-consuming countries the 
desired concentration is obtained by dilution with water. 

Alginates can be added as thickening agents, but cause undesirable 
creaming on standing and retard the drying of the adhesive layer. A high 
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viscosity of the adhesive is, however, useful for the covering of rough 
surfaces. The drying process can also be lengthened by the addition of 
10-20 parts of glycerine or starch musilage. These hygroscopic layers are 
useful in shoemaking. Tackifying agents, which weaken the adhesive 
strength but increase the stickiness of the layer, can be added in the form 
of dispersions of resins or oils. Addition of borax-casein sometimes improves 
the adhesive bond. Another means by which tack can be enhanced is by 
adding an emulsion of a rubber solvent, e.g. toluene, to the latex. The 
adhesive layer can be stiffened by the addition of bentoniic, but this is 
hardly to be recommended, as it greatly reduces the adhesive power of 
the latex’. In some cases, when the thickening effect of the clay is 
objectionable, mica powder is used instead to impart the necessary stiffness 
to the adhesive layer. 

The already weak adhesion of a rubber film to glass or steel is reduced 
still further by the addition of caustic soda to the latex, but, curiously 
enough, a mixture of Revertex (60% latex stabilized with soap) and cement 
is an excellent adhesive for joining glass to steel. It can be used as a binder 
for many fillers, such as sand, wood chips,cork granules, ground rubber 
waste, etc. Such mixtures are applied as flooring and as non-skid surfaces 38, 
Many attempts have been made to impart more strength to the adhesive 
layer "® but coumarone resins, shellac or reclaimed rubber improve the 
tack rather than the adhesion. The application of phenol-formaldehyde 
resins formed in ammoniated latex has been reported; it is likely that the 
resin contributes more to the adhesion process than the rubber. In fact, 
the combination of resorcinol resins with latex has gained prominence in 
the treatment of rayon cord, and similar combinations with GRS-latex have 
been mentioned. 

Synthetic latices from butadiene °, 2 are among the compositions studied 
by German authors during the war but were found to be inferior to natural 
tubber. Casein has to be added in order to obtain at least some adhesion. 
The tackiness of Neoprene latex (type 571) is also negligible, but a special- 
purpose product (type 572) has been put on the market. 

Vulcanization can be produced in the adsorbed rubber layer by addition 
of a prepared suspension of the ingredients to the latex. The rate of 
vulcanization depends essentially on the accelerator. and may vary from 
minutes to days. Some examples are given in Table 58. Near room temper- 
ature only slow-curing mixes are easy to handle, whereas an adsorbed layer 
can be vulcanized on drying at 100-120° C in minutes. Vulcanization 
imparts strength to the rubber film, but does not improve the adhesive 
bond with fibres, leather or metals to any appreciable extent. There is, 
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however, one notable exception. A cured latex-haemoglobin mixture 
adheres much better to metals than does an ordinary vulcanized latex film. 
Oxidation, not vulcanization of the rubber, causes this improvement, as 
will be discussed in § 5. 


TABLE 58 


VULCANIZING LATEX MIXTURES 
(quantities in parts by weight) 














Example 1. A fast curing mix for frictioning laminated canvas in the production 
of rubber hoses 





Rubber (60% latex) 100 | Vulcanization time 

Zinc oxide 2/ at 110° C about 10 min. 
Antioxidant 1 70° C about 4 hours 
Sulphur 2 

Butyl zimate 1 


| 


Example 2. A slow curing mix for bonding canvas to rubber in the production of tyres 





Rubber (60% latex) 100 Vulcanization time 

Zinc oxide 5 First phase: slow drying to allow conden- 
Antioxidant 1 sation and hardening of the PF-resin at 
Sulphur 2.75 | about 120° C. Second phase: Vulcanization 
Captax 0.8 | together with the rubber layer bonded to 
Stearic acid 1 the canvas about 30 min. at 142° C, 
Resorcinol 20 

Formaldehyde 12 

Caustic soda (catalyst) 2 


Emulsions of reclaimed natural rubber are sometimes added to replace 
about 30% of the latex. This is done for economy and has no technical 
advantage. GRS and Buna S latices have smaller particles and therefore 
penetrate better into the fibre. The adhesive film, however, has very little 
tack. Casein has to be added to produce bonding of practical value. Actually 
the adhesive consists of a casein film, which has been made pliable by the 
addition of GRS. Nothing has been published on the value (if any) of 
Perbunan latex for this purpose. Thioplast-latices, which have been mention- 
ed in literature, are useless in practice. Neoprene latices, improved by the 
addition of casein, hydrogenated natural resins or aldehyde-amines find a 
limited application for the bonding of elastomers to metals and glass. 


(c) Adhesives based on Rubber Solutions 


A rubber solution can be prepared from masticated crepe, sheet or reclaimed 
rubber 22. Lower qualities, such as slab rubber or flat bark rubber, contain 
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more resinous impurities, which tend to increase the stickiness of the 
solution but at the same time induce excessive oxidation 7. Milling of 
the rubber leads also to an oxidative degradation, but is necessary for the 
production of a concentrated solution *4. “Dead milled” rubber on the 
other hand yields a poor adhesive. Tack and hardness are improved by 
the addition of coumarone-indene resins, shellac, ester gum or hydrogenated 
resin, but care must be taken to avoid induced oxidation on storing. A few 
units per cent. of oxygen may improve the molecular interaction of rubber 
with polar surfaces, but rubber containing 10-15% of oxygen forms a 
brittle film. For this reason the addition of rosin, which produces peroxides 
with air, is undesirable. Economy governs the choice of a solvent 5, that 
commonly used being naphtha, benzene or gasoline. In some countries the 
use of benzene is prohibited because of its toxic properties. The boiling 
point of the solvent obviously influences the rate of drying, in addition to 
which the diffusion of solvent residues through the joint has to be taken 
into account. 

A patch of vulcanized rubber sticks to the surface of, e.g., the inner tube 
of a bicycle tyre with the aid of a few drops of rubber solution. Traces of 
solvent serve first as a softener and help to distribute the raw rubber 
adhesive between all the microscopic irregularities of the two surfaces. 
Gradually the solvent diffuses through the vulcanized rubber and the 
adhesive bond between the two surfaces does not gain full strength until 
considerable time of drying has elapsed. Conditioning of drying, starting 
with slow drying, is therefore an important factor in the production of 
permanent adhesive bonds. Similar considerations have to be taken into 
account in the design of adhesive tapes. 

Polar solvents do not dissolve natural rubber, but a small percentage of 
anhydrous alcohol added to a rubber solution in naphtha lowers its viscosity. 
The association of rubber molecules dissolved in, ¢.g., naphtha is partly 
due to dipole interaction between the small quantities (1-2%) of CO, OH 
and COOH groups, which are formed in the rubber during mastication. 
Alcohol solvates these associates and therefore reduces the number of 
secondary valency contacts between the chains. 

The use of vulcanizing solutions introduces a number of unavoidable 
complications. T'wo batches have to be stored: (a) the raw rubber solution, 
(b) the vulcanizing ingredients. After mixing, incipient vulcanization is 
indicated by gelation and the “activated” mix has therefore to be used 
within a few days or even some hours. Gelation can be retarded by the 


addition of nitro-paraffins 26 but this poisonous stabiliser will also influence 
the drying time of the adhesive. 
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The rate of curing is essentially a function of the type and quantity of 
accelerators used. At room temperature it should be days, at 120° C, 
minutes. Table 59 gives some representative examples. Ultra accelerators 
naturally increase the danger of premature gelation 2’. Chlorinated solvents 
produce traces of HCl, which acts as a retarder. This, in turn, can be 
compensated for by the addition of weak bases or aldehyde amines, which 
at the same time activate the accelerator. 


TABLE 59 


VULCANIZING NATURAL RUBBER SOLUTIONS 
(quantities in parts by weight). 














Example 1. A slow curing solution for frictioning hospital sheeting. 


Rubber 100 Solution: 20% in naphtha. 
Stearic acid 0.5 | Vulcanization in 2 phases. 
Antioxidant 1 | First phase: gradually rising in hot air 
Zinc ocide 5 for 60 min to vulc. temperature. 
TiO, (white filler) 40 Second phase: 90 min at 130° C. 
Whiting (cheap filler) 25 

MacNamee clay (stiffening filler) 25 

Sulphur 0.75 

Captax (accelerator) 1 

Methyl zimate (booster) 0.25 

Telloy (tellurium) 0.5 





Example 2. A slow solution for building up rubber canvas (except for tyres). 





Rubber 100 | Solution: 10—15% in naphtha. 

Pine oil 1 | Vulcanization: under pressure or wrapped 
Stearic acid 1 in cotton, 15 min at 142° C. 

Antioxidant 2 
Zinc oxide 5 
Sulphur 2 
Altax (accelerator) 0 
Methy! zimate (booster) 0 


eae.) 





Example 3. Fast vulcanizing solution for curing at 20° C. 








Prepare separate solutions A and B.** 





i —15°% in naphtha A B pat life of activated mixtures A + B 
ber ea” 5 100 100 | about 4 days at 20° C. ‘ 
Zinc oxide Vulcanization time: 6 days at 20° C. 
Zinc stearate 
Antioxidant 
Butyl zimate (ultra accelerator) 
Butyl aldehyde aniline (accel.) 
Inactive carbon black * 
Sulphur 





5 
1 
1 
4 


| NNNRRMN 





ae 


* Carbon black is added as colouring matter to control homogeneity of mixture A + B. 
** Alternative method: spread mixture except ultra-accelerator, add a lower concen- 
tration of the latter after drying of the first layer. 
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The viscosity of the cement can be increased by reinforcing fillers, such as 
carbon black or clay. Any addition of coarse particles, however, will tend to 
endanger the smoothness of the adhesive film. Blooming of sulphur, anti- 
oxidant or poor dispersion of the ingredients are similar sources of trouble. 

It has already been mentioned in § 2 that GRS lacks all tack. The addition 
of 10-15 parts (relative to the rubber) of Koresin to a solution of GRS 
remedies this shortcoming, wherever GRS is preferred above natural rubber 
for economic or political reasons. Patents claim the application of other 
hardening resins, related chemically to Koresin, in combination with GRS. 
Mixtures of GRS and natural rubber have been proposed for vulcanizing 
solutions; their technical value, however, is obscure. The natural rubber 
component vulcanizes more quickly and the GRS-fraction has therefore 
only the function of an expensive plasticizer. Sodium polymerized poly- 
butadiene (Buna 85) has more tack, but the film lacks the strength 
necessary for most purposes. 

Cements based on Neoprene-type rubbers 28~®° are preferable to natural 
rubber solutions in a number of special applications. The bonding of polar 
rubbers or plastics, the production of an oil- or grease-resistant bond for 
attaching tank lining or chemical-resistant adhesive bonds, can all be 
produced with advantage from a Neoprene solution. The much higher 
price of Neoprene compared with natural rubber on a volume basis militates 
against the use of the former as a “general purpose”’ adhesive. 

The “‘oil resistance’ of Neoprene must not be overrated. The term refers 
only to paraffinic solvents, for aromatic liquids swell a Neoprene film in 
a marked degree. Neoprene is less susceptible to oxidative degradation than 
natural rubber. This property is useful in rubberized fabrics but is of little 
account in joints which are not exposed to air and light. The presence 
of polar groups impairs the electrical properties of the film, but aids the 
penetration of the solution through porous surfaces. 

Concentrated solutions of Neoprene are more susceptible to gelation than 
those made from natural rubber. Storage times range between some weeks 
and 5 months, depending on the type of Neoprene used. The viscosity can 
be controlled by milling similar to the mastication of natural rubber, although 
breaking down on the mill has much less effect on the properties of the 
adhesive film with Neoprene than with natural rubber. Aging of the film 
leads to cross-linking, i.e. auto-vulcanization, and makes the originally 
uncured film superior to the uncured natural rubber film. For this reason 
the application of vulcanizing solutions is of less importance. Moreover 
curing occurs in the absence of sulphur on addition of magnesia, zinc oxide 
or special curing agents; see Table 60. 
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TABLE 60 


VULCANIZING SOLUTIONS OF NEOPRENE 
(quantities in parts by weight) 








Example 1. Slow curing cement 





Neoprene type S.C. 1 
Extra light calcinated magnesia 

Zinc oxide 

Semi-reinforcing carbon black 
Neozone A (special antioxidant) 
Stearic acid 


| Dissolve 25 parts in 75 parts benzene. 
| Vulcanization: 30 min at 140° C. 


onSus8 








Example 2. Fast curing cement 





Solution A B | Prepare separate solutions A and B. 
Neoprene type S.C. 100 100 Dissolve 20 parts in 80 parts benzene. 
Zinc oxide 0 


1 _— | Vulcanization: about 24 hours at 20° C, 
Calc. magnesia a 10 
Pyrocatechol (accel.) a 2 
Salicylic acid (accel.) 2 








Mixtures of Neoprene AC with a thermoplastic phenolic resin dissolved 
in toluene + methylethylketone are suitable for the bonding of cured 
natural and synthetic rubbers to metals and other surfaces. The application 
of Neoprene cements in metal bonding will be discussed below. 

Nitrile rubbers*! are more oil-resistant than Neoprene, but lack the high 
tensile strength of the unpigmented film as well as tackiness. They share 
with Neoprene the tendency to gel prematurely. Again breaking down 
on the mill to produce a smooth solution in a mixture of polar solvents is 
a tricky job, requiring more experience and care than the handling of 
natural rubber. Pigmentation with special types of carbon black, clay or 
silene (a SiO,-type filler) is necessary, while high-boiling solvents or 
plasticizers increase the tack. The dry film has sufficient strength for 
practical purposes. Curing requires somewhat less sulphur and more 
accelerator than natural rubber. | 

A modified natural rubber %? has been prepared by the interaction of 
acrylic nitrile and natural rubber in the presence of peroxides. The product 
(Canite) consists probably of polyacrylonitrile chains tagged to the rubber 
molecule by incidental reactions. The presence of nitrile groups modifies 
the adhesive properties of the original rubber; however, the product is 
somewhat unstable and it is difficult to obtain a smooth solution. Solutions 
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of this polymer have been proposed as adhesives in combination with 
chlorinated rubber, which are said to be superior to chlorinated rubber 
alone. Their practical value is still sub judice. 

The combination of nitrile rubbers of the Perbunan and Hycar type 
with a second polymer is a recent development of great promise. Alcohol- 
soluble phenolic resins (Novolaks) are dissolved in methylethylketone, 
containing Hycar as a strongly swollen gel. A well-known product, Plio- 
bond, was analyzed by the authors and found to consist of 20% nitrile 
rubber with 7.6% N, 10% resin and 70% solvent, but many other combina- 
tions are possible. The resin, which consists in this particular case of a 
phenolic polymer containing N and S, is the actual adhesive, which also 
cures the rubber on heating. 

This new type of rubbery adhesives is useful, not only for the bonding 
of elastomers to other materials, but also for polymers of the PVC-type. 
Large quantities of plasticizers in PVC create a new problem. The plasticizer 
tends to migrate in the adhesive film, causing it to become soft and sticky. 
The resin-nitrile rubber combination is sufficiently resistant and has the 
additional advantage that a technique, similar to that used in rubber manu- 
facture, can be employed. 

Combinations of chlorinated rubber and nitrile rubber are also advocated 
for this purpose, the former being a strong adhesive for PVC but reducing 
somewhat the oil resistance of the joint. Another alternative is the appli- 
cation of vinylchloride-vinylacetate copolymers. The latter can be adapted 
to special purposes by changing the monomer ratio. There is no definite limit 
between the polyvinylacetate, the nitrocellulose and the rubber type adhesive. 
Economic considerations, tradition and technical details, such as drying 
time, are all factors influencing the ultimate choice of a suitable adhesive. 
Chlorinated rubber, cyclized rubber and rubber hydrochloride are essen- 
tially bonding agents for rubber to metals and will be discussed in § 5. 
Similar cements have been suggested for the bonding of rubber to textiles 
and other materials, but little is known about their actual application for 
such purposes. Reaction products of rubber and rubber halides with 
phenols have been extensively discussed in patents, but have little ad- 
vantage over less intricate formulas of thermosetting or thermoplastic 
adhesives. 

The application of polyisocyanates is not restricted to the rubber-metal 
and rubber-cord bond, see § 6, but has gradually been adapted to a variety 
of purposes, which widen the possible uses of rubber and chlorinated 
tubber cements. Added to a cement made up from Neoprene and chlori- 
nated rubber, polyisocyanates improve the bonding of rubber to a variety 
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of materials, e.g. methacrylate resin, phenol formaldehyde resin, polyvinyl- 
chloride and ceramics. 

Although the trend to produce “tailor-made” synthetic adhesives has 
led to considerable improvements, it is found that in some industries 
gutta-percha, a natural product, cannot be readily substituted by synthetic 
polymers. Mixtures of gutta-percha and asphalt combine a suitable melt 
viscosity with excellent adhesive properties in the cold. Gutta-percha is 
also used in continuous paper processing for repairing a ruptured paper 
sheet by bonding the two parts on the roll. 


§ 5. THE ADHESION OF RUBBER TO METALS *4 


(a) General Remarks 


Elastomers have many desirable properties, such as resistance to corrosive 
chemicals and to abrasion, absorption of vibration, properties which are 
not found to the same extent in metals. They lack, however, the rigidity 
frequently necessary for a construction material and are therefore combined 
with metals to yield a structure of the desired stiffness. Adhesion of rubber 
to iron and steel had already been successfully effected in the last century, 
but with the recent developments in the automotive and aircraft industries, 
the bonding of elastomers to light metals and alloys has become vital. The 
problem is not only that of producing a bond, but also of bridging the 
divergent mechanical properties. Natural rubber is unique in its versatile 
rheological behaviour, which can be varied between wide limits by suitable 
compounding. In addition, many plastics are mechanically similar to a 
filled rubber and are employed in the same field, e.g. for tank lining. The 
construction engineer is therefore faced with two problems: 

(1) The design of a joint, which is intermediate in mechanical properties 
between a rigid metal and a plastic-elastic polymer. Thermostability, resis- 
tance to mechanical vibration, solvents and corrosive liquids, or to heat— 
aging are additional factors which influence his choice of bonding material 
or method. 

(2) The economics of processing, which are not only specific for the various 
adhesives but depend on the type of factory, the size of the product and the 
amount of piece work involved in manufacturing it. 

The technical question is therefore not in the first place what method 
leads to the best joint, but what process combines an optimum of desirable 
engineering and economic factors. We shall discuss first the merits of the 
four different methods known to be practised in industry at present ne 
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The use of ebonite as a bonding layer is nearly a century old *™*. Its 
application is widespread for various purposes. Both bondings of tyre 
treads to steel rims and protective coatings for tanks, pipes and valves can 
be readily prepared from ebonite, the manufacture of which is within the 
scope of any rubber factory. The main disadvantages of this bond are its 
brittleness and, therefore, sensitivity to vibration, its thermoplasticity and 
(on exposure to air) the deteriorating influence of a high sulphur concen- 
tration on the aging of a covering soft rubber layer. 

The curious combination of latex-blood albumen and sulphur, which 
was formerly used to some extent, takes an intermediate position between 
ebonite and fluid adhesives. A more promising line is that of cements based 
on thermoplastic rubber derivatives, among which chlorinated rubber 
excels all other products previously suggested. The combinations based on 
nitrile rubbers are the most recent type of cement for joining rubber to 
metals and other materials. These adhesives are less brittle if correctly 
compounded and require a technique sometimes preferable to that employed 
in the use of ebonite. The adhesive/metal bond is, however, extremely 
sensitive to small flaws in the interface; moreover, the necessity of strict 
control and trained personnel for production militates against the adoption 
of the method for general use. 

The third group, the isocyanates, only came into prominence during the 
late war. The bond is to a certain extent thermoplastic, but much more 
reliable than that produced by thermoplastic adhesives. A serious drawback, 
however, is the fact that the “pot life” of the solution is measured by hours 
rather than by days and that the adhesive is destroyed by traces of moisture. 
As the relative humidity in a rubber factory is generally high, owing to 
handling open steam curing apparatus, leaky valves and pipe lines, the use 
of isocyanate-base adhesives is a difficult proposition. Another drawback 
is the toxicity of adhesive and solvent. Isocyanates therefore require a 
highly organized and continuous production process. 

The fourth method of bonding, which is known as “brass plating”, was 
incidentally discovered at the beginning of this century and its use in 
specialized factories is being promoted by systematic research and the 
elimination of a number of intriguing complications. The rubber-to-brass 
bond is definitely non-thermoplastic and must therefore be chemical rather 
than physical in nature. It is resistant to vibration as well as to chemical 
attack, properties which are attractive to the construction engineer. 
Unfortunately, a special brass plating unit must be added to the factory, 
which requires additional attention and therefore increases cost of pro- 
duction. 
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The strength of the rubber-to-metal bond has already been discussed in 
§ 2. The nature of the bonding forces is deduced from the thermoplasticity 
of the bond in a temperature region where the modulus of the vulcanized 
rubber changes but little. It can be seen from Fig. 147, which is based on 
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Fig. 147. Influence of temperature on the absolute value of a rubber- 
to-metal adhesive bond measured by the pull test and produced by 
different types of adhesives. 

Natural rubber with 44 parts by weight of carbon black, type EPC, 
to steel. 


measurements from this laboratory as well as on results taken from the 
literature, that three types of bonding exist. 

(1) The isocyanate and brass bonds are moderately thermoplastic between 
0—150° C. 

(2) The ebonite and chlorinated rubber-type bonds are at 20° C superior 
in static strength to the brass bond at 20° C, but rapidly deteriorate in 
usefulness above 60—80° C. 

(3) The cyclorubber and latex-albumen-sulphur types of bond, which 
even at 20° C are inferior in strength to the second group and lose all 
practical value at a slightly higher temperature. 

It is obvious, therefore, that the second and third types of bonding agent 
react exclusively through VAN DER WAALS’ or electrostatic forces of similar 
strength, whereas the isocyanate and brass bond is largely a strong 
“chemical” bond. 

Measuring the strength of a piece of rubber vulcanized between two metal 
plates is one thing, revealing a certain aspect, but the actual performance 
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of this bond in a construction unit is quite a different proposition, 
A good adhesive bond is useless if the design of the rubber coupling or 
mounting is faulty. Concentration of stresses on the rubber part by edges 
and corners may induce excessive fatigue or creep in the elastomer. Allow- 
ance must also be made for the contraction of rubber during vulcaniza- 
tion and full use of its resilience is only possible if the rubber is not enclosed 
to a large extent by the metal. Hard rubber adhesion requires a different 
design; dovetails and serrations may be useful here to limit the plastic flow 
of the bonding layer, but in changing to brass plating the construction of 
metal parts, for the same application, must be changed to smooth surfaces, 
which can be readily cleaned and plated. 


(b) Ebonite 


Ebonite is a useful lining material for tanks and bonding it to large metal 
surfaces has been developed to a fine art. Apart from this specific purpose, 
it is used for bonding soft rubber to metal, the technical problem in this 
case being the adjustment of vulcanization rates for soft and hard rubber. 

A mixture of raw rubber with sulphur becomes soft and sticky on heating 
and therefore flows readily into all the microscopic crevices of a metal 
surface. On prolonged curing with 15-45 parts of sulphur it becomes 
hard and remains physically attached to the surface. During the cure, gases 
(H,S) are evolved and produce bubbles in the structure. Part of the ebonite 
is therefore replaced by ebonite dust, which also reduces the evolution of 
internal heat during cure (see Table 61). Shrinkage on cooling and a coefh- 
cient of expansion differing from that of the metal weaken the bond 3. 
The resulting formation of cavities on the interface can be kept within 
bounds by the addition of fillers. The nature of the filler is of little import- 
ance, its average function being that of reducing shrinkage. 

The adhesive bond to iron was found in this laboratory for an unfilled 
ebonite to spread between 10-20 kg/cm?, while on the addition of 24 parts 
by volume of barytes, whiting or ebonite dust, the bond produced had an 
average strength of 60 kg/cm? (40-90). Iron oxide (24 parts by volume) is 
somewhat superior, the resulting bond surpassing 100 kg/cm? (90-120). 
The claim that mixtures of iron oxide and whiting give optimum values % 
has not been substantiated by experiments (taking the reproducibility of the 
test into account). It is seen from Table 61 that the bonding strength of the 
filled ebonites varies between 50—100 kg/cm? in the static tests. An unfilled 
ebonite, on the other hand, is useless for this purpose, although the latter 
material, measured by itself, has a very high impact strength (100 kg/cm). 
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TABLE 61 


COMPOSITION AND PROPERTIES OF EBONITES USED FOR BONDING RUBBER TO METAL 
(quantities in parts by weight) 




















Mix No. | a ee 6a* 6b** 
Rubber | 100 100 100 100 100 100 10 

0 
Sulphur 40 40 40 40 40 27 18 
Zinc oxide 5 5 5 5 5 4 a 
Barytes- — 15 —- — — 220 — 
Ebonite dust —- oo —— 27 = = 
Whiting —- — — 6 — — ae: 
Tron oxide —-  — — — 130 — a 
Kaolin — —_— =— — — Seis 47 
Stearic acid 1 1 1 1 1 — — 
Santocure 3 3 3 3 3 — — 
Antioxidant —- —- —- —- — — 2 
Vulc. time min. at 147° C | 120 100 100 100 100 180 180 
Pressure on test piece 
during vulc. kg/cm? | 0.02 0.02 0.02 0.02 0.02 0.1 0.1 

l 

Shore C Durometer hardness 02 928 92. 2 oe 45 85 
Adhesion to steel kg/cm? 12 52 64 73 106 Foren Dueee 





* Solution mix; ** Lining mix. For mixtures 1—5, solution and lining mix are the same. 


Vulcanization can be accelerated, but depends much on the heat transfer 
and the total curing time; it may extend to days. For tank lining the uncured 
mix is rolled on the surface of the metal, the tank filled with hot water and 
cured by blowing steam through it. Hot air or steam cures are alternatives. 

From a mechanical point of view, it would be desirable to combine soft 
rubber and metals by a number of laminae with increasing sulphur concen- 
trations. In practice one has to find the balance between two sources of 
weakness, 17z., 

(1) The curing time of ebonite is much longer than that of the rubber. 
The latter will therefore be over-vulcanized and will have bad ageing 
properties when the former is fully cured. 

(2) Under-curing the ebonite leads to a surplus of free sulphur. Gradually 
this sulphur will diffuse into the intermediate or even the outer layer of 
soft rubber and will again induce oxidation. This is less likely to happen in 
structures in which the adhesive layer is not accessible to air. 

Ebonite can be bonded to most metals including tin, zinc and chrom- 
ium 37, Copper and certain brasses react with the sulphur and have to be 
passivated by tinning or similar treatment. Aluminum is cleansed first with 
dilute hydrochloric acid solution and care must be taken not to damage the 
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clean and dry surface before applying the adhesive. Rust and scale must, 
of course, be removed from iron or steel surfaces by means of wire brushing, 
sand or shot-blasting. After moistening the surface with petrol, one or 
two ebonite cement layers are applied before affixing the rubber-sulphur mix. 

The butadiene-base synthetic rubbers of the G.R.S. or nitrile type 
undergo a similar reaction with sulphur and the resulting product differs 
from the natural derivatives in details only. They have a higher 
softening point, which is attractive for uses at higher temperature and the 
nitrile rubbers are “oil resistant”. When vulcanizing a Neoprene mix 
containing 30 parts of sulphur per 100 Neoprene for 8h/142° C, a product 
similar to natural rubber ebonite has been obtained in this laboratory, but 
the properties are inferior. Neoprene “‘ebonite” has found no application 
as an adhesive or protecting layer. Mixtures of Neoprene and natural rubber 
with about 15 parts of sulphur relative to the polymers are used as suitable 
bonding plies. 

The application of latex-ebonite as an adhesive has not been fully 
explored, but unpublished results from this laboratory are promising. 
Its use is a logical consequence following from the adhesive properties 
of latex-sulphur-albumen mixes. 


(c) Thermoplastic Adhesives 


It is not difficult to compound a cement suitable for the bonding of one 
particular rubber mix to only one type of metal surface. The secret of most 
proprietary cements is that they can be used for bonding a fairly large range 
of combinations. Several alternatives are known. The first cement to be 
discussed now shares with other latex adhesives the advantage of being 
non-inflammable and giving a bond of moderate strength. The second 
group, adhesives derived from chlorinated rubber, is the most promising 


for future development, while the third group, comprising cyclized rubbers, 
is more of historical interest. 


(i) Adhesives based on latex-albumen-sulphur mixes 38 


The idea of combining the adhesive and mechatfical properties of rubber 
and proteins by mixing blood albumen and latex did not lead immediately 
to practical results. It was found that 18—40 parts of sulphur had to be 
added; thus, under the conditions of vulcanization, a semi-ebonite will be 
formed. The process is, however, more intricate, oxidation playing some 
part in it. When the latex-blood albumen layer is applied to the ‘metal, the 
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assembly, after drying 1 h/70° C, has to be heated for 2 h/120° C in air 
before the rubber is vulcanized to the adhesive layer. Heating in nitrogen 
gives a very poor bond. 

A composition proposed by Firnr %® was found also in this laboratory 
to yield optimum values. It consists of 100 parts of rubber as latex, 140 parts 
albumen, 18 parts sulphur, zinc oxide and not more than 1 part D.P.G. 
A layer of 2-3 mm is brushed on the metal and, after drying at 70° and 
oxidizing at 120° C, a rather irregular adhesive film with a thickness varying 
between 0.6—1.3 mm results. Neither sulphur and accelerator concentration, 
nor the thickness of the film is very critical. The latter fact marks a striking 
difference compared with the chlorinated rubber base adhesives, in which 
the thickness of the film is found to be of the utmost importance. The 
strength of the adhesive bond is less than that of chlorinated rubber, about 
12-25 kg/cm?, depending on the composition. Starting from this lower 
limit, the percentage drop in adhesive strength at higher temperatures is 
apparently small; see Fig. 147. The adhesive adheres well to the metal and 
Separation occurs primarily between the rubber and the adhesive. The 
mixture has only limited shelf life; it will begin to putrefy after some weeks, 
even in the presence of formaldehyde. Its main advantages are cheapness 
and simplicity of procedure. 

The method can be applied to butadiene-based rubbers but not to 
Neoprene. Loaded natural rubber stocks produced better results than pure 
gum mixes. Steel as well as aluminum can be bonded to rubber, if the 
surface treatment of the metal discussed previously has been applied. 


(ii) Chlorine-containing polymers 

Films from chlorinated rubber are chemically inert; they exhibit excellent 
resistance to normal and accelerated aging and do not absorb water to any 
appreciable extent. The metal-chlorinated rubber bond does not deteriorate 
under salt spray treatment and is in this respect to be preferred to the brass 
bond. The polar polymer is readily miscible with Neoprene and the bonding 
of this elastomer to metals and other surfaces with chlorinated rubber is 
comparatively simple 4° 41. As the film is rather brittle, either Neoprene or 
a softener is added to improve its flexibility. Two or three layers of the 
adhesive are painted on the metal and the Neoprene rubber is pressed on it 
before the last layer is dry (the solvent can diffuse through the elastomer). 
The cements are made up of xylene; red lead or sulphur is recommended 
as an ingredient. The application of a Neoprene interlayer with a Shore 
aardness of 50—70° is more satisfactory in some instances. Vulcanized 
Neoprene can be bonded with similar cements. 
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The affinity of chlorinated rubber for nitrile rubbers is also satisfactory, 
but a somewhat more complicated technique has to be followed #. A 
chlorinated rubber cement is painted on the metal and a vulcanizing nitrile 
rubber cement is brushed over the first lacquer as well as on the rubber 
surface. This is followed by conventional vulcanization of the joined parts. 

Natural rubber is not fully miscible with chlorinated rubber and for this 
reason separation of the rubber-to-adhesive bond may occur. The thickness 
of the lacquer layer is therefore more critical than with polar elastomers. 
Though adhesive solutions are mostly made up in the factory from ordinary 
chlorinated rubber, proprietary adhesives have recently had some publi- 
city #4. The “Typly” solutions are said to contain rubber hydrochloride, 
but the latest type, ““Typly Q”, was analyzed by the authors and found to 
consist of a solution of chlorinated rubber (22° with a chlorine content 
of 61%) dissolved in a mixture of xylene and carbon tetrachloride (3: 2). 
This solution has a limited shelf life; the polymer or admixtures tend to 
precipitate, which makes its use in the factory inconvenient. 

Reproducibility of bonding with “Typly Q” was extensively studied in 
this laboratory. An average value of 50 kg/cm? (40-80 kg/cm?) was found 
to be fairly independent of (1) the plasticity of the rubber-carbon black mix, 
(2) sulphur concentration, (3) rate and method of vulcanization, (4) rate of 
cooling after vulcanization and (5) aging of the joint at 40° C. Only a 
slight improvement was found by the application of high pressure (160 
kg/cm?) during vulcanization. The drying time for the paint-on-metal layer 
is rather critical. A short time at 70° C 
gave better results than 24 hours 
storing (dust free) at 20° C. Some 
improvement was also obtained by 
coating the chlorinated rubber layer 
‘with a rubber solution. 

5 The strength of the adhesive bond 
thickness Ty-Ply Q layer in microns is actually determined by the thickness 
Fig. 148. Influence of thickness of e the chlorinated rubber layer; = 
adhesive layer on strength of adhesive Fig. 148. A layer of 25 microns is 
Pull test with ingen rubber ries! bh En A00e on ae 
adhesive, see Figure 144, p. 395. Natural microns. A maximum, depending on 
rubber with 44 parts by weight of carbon the modulus of the rubber mix, (see 
black, type EPC, to steel. : 

Fig. 144) may occur between 5 and 
15 microns; whereas break occurs between rubber and the thin lacquer 
layer, those 25 microns thick break in the film, whichis actually microporous. 

This sensitivity to the thickness of the layer has been a serious handicap 
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in processing with chlorinated rubbers. Combination with other polymers, 
of which the isocyanates are the most promising, will lead to further 
improvement. Little is yet known about the use of other chlorine-containing 
polymers in rubber-to-metal adhesives. The particular position of chlorina- 
ted rubber is probably due to the fact that small quantities of hydrochloric 
acid are released during vulcanization and remove part of the oxide film on 
the metal. Similar properties are found in chlorinated polyvinylchloride, 
which is preferred for the bonding of rigid polyvinylchloride to steel and 
could probably be substituted for chlorinated rubber in other cases. 
Polyethene and butyl rubber cannot be bonded with polar adhesives. 
Quite recently 41> it has been reported that chlorination of the surface of 
polyethene imparts good bonding properties to this polymer. 


(iti) Cyclized rubber adhesives 44—4® 


Cyclized rubber can be either produced on the surface of the rubber or 
applied as a cement. In the first case the surface of the raw rubber mix is 
treated with sulphuric acid and vulcanized on the steel. The authors do not 
believe that this “Vulcalock” process has gained much ground. Recently 
the “cycleweld” process has been disclosed. In this case vulcanized rubber 
is cyclized superficially by the action of concentrated sulphuric acid, washed 
and dried. It is then flexed to produce a finely cracked surface. ‘Chrysler 
cement’’, probably a nitrile rubber-resin composition, is sprayed or brushed 
on rubber and metal. The good bonding properties are in this case due to 
the cement and the cyclorubber surface has only the function of producing 
a smooth change in mechanical properties. This ‘““cycleweld” process can 
also be used for bonding rubber to wood, glass, plastics and elastomers. 

Cyclized rubber solutions are very sticky, but produce only a weak 
rubber-to-metal bond. Values of 34 kg/cm? are claimed from the laboratory 
of the manufacturers of “Vulcabond R”’, but in this laboratory average 
values of 10-17 kg/cm? (7-18) were found under optimum conditions. Not 
only is vulcanization under pressure necessary, but the mould has to be 
cooled under pressure, otherwise values below 5 kg/cm? will be found 
for the adhesive bond. The cement is applied as follows: 

A layer of cyclized rubber is applied to the metal surface (e.g. steel or 
aluminum) by brushing or spraying two coats of a cement. The dry surfaces 
of the coated metal and the rubber mix should be safeguarded from dusting 
powder or other solid impurities. They are then brought together and 
vulcanized under pressure. The concentration of the cement and the degree 
of cyclization of the derivative are factors influencing the strength of the 
bond. The plasticity of the adhesive layer can be increased by the addition 
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of rubber to the solution, or by plasticizers. Fillers and vulcanizing agents 
are added to the cement and the adhesive film will therefore vulcanize 
together with the rubber. Certain ingredients which are conventional parts 
of rubber compounding, such as stearic acid, are detrimental to the quality 
of the adhesive film. Many attempts have been made to reduce the thermo- 
plasticity of the layer by the addition of fillers, such as short-fibred asbestos, 
wood-flour, casein or Neoprene-rubber, but they all debase the already only 
moderate adhesive quality of the film. In the view of the authors, “thermo- 
prene” cements will be replaced in future by adhesives of the nitrile rubber- 
resin type. 


(d) Lsocyanates 5°, 51 


Two methods of applying isocyanates in rubber-to-metal bonding have 
been given attention. In the original German pxocess, ““Desmodur R” is 
incorporated as a 20% solution in methylene chloride, while the British 
manufacturers advise the use of ““Vulcabond T X” as an auxiliary means of 
improving cementation with chlorinated rubber, rather than as an indepen- 
dent method of joining rubber to metals. 

The “Desmodur R” cements adhere much better to roughened metal 
parts than to smooth surfaces. The available bonding area can be increased 
by shot-blasting the surface or by etching it with acids. Average bond 
strength values are similar to those obtained with Neoprene cement + 
chlorinated rubber + Vulcabond TX, but somewhat inferior to <hose 
obtained with the latter lacquer plus an interply. The heat resistance of 
the Desmodur bond seems to be inferior to that of the laminated Vulcabond 
T X joint. 

The cause of isocyanate bonding is not definitely known. O. BAYER and 
his colleagues, who are the discoverers of the process, suggest two hypo- 
theses: (1) The isocyanate groups react with the metal oxide layers, thus 
providing a strong bond with the metal surface; (2) the isocyanates poly- 
merize and form a network mutually linking the metal, the adhesive film 
and the rubber. 

The practical value of isocyanates of the ““Desmodur R” type was proved 
during the late war by the fact that the German Navy replaced brass-plating 
(Schwingmetall) by Desmodur bonding for all rubber-metal parts in 
submarines. This illustrates the excellent vibration resistance of the 
isocyanate bond. In submarines, the brass bond is attacked by sulphuric 
acid fumes which do not weaken the isocyanate bond. The competition 
between the two processes under the conditions of peace time economy 
seems to be still sub judice.. 
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The following data have been published by the manufacturers of Vulca- 
bond T X on chlorinated rubber isocyanate combinations. To 100 parts of 
a cement made up of Neoprene GN and chlorinated rubber solutions in 
aromatic hydrocarbons, 15 parts of Vulcabond T X were added. Two coats 
of this adhesive were painted on the metal and left to dry. An interply of 
the rubber stock was. then applied as a cement and finally the rubber (or 
Neoprene) reinforced stock added. The laboratory tests gave the following 
promising results: 

















Cement | Interply | Tensile strength kg/cm? 
Neoprene + chlor. rubber Yes | 18—23 
As above + Vulcabond T X Yes . 50—100 


As above No | 28—50 





Although chlorinated rubber is the weakest link in this chain of inter- 
plies, its adhesive strength is improved by the treatment with isocyanates. 
It is likely, therefore, that a chemical interaction between the chlorinated 
rubber and the isocyanate also takes place. The efficiency of chlorinated 
rubber cement, which is in itself good enough for many purposes, is 
improved twofold by the addition of the isocyanate and fourfold in a 
combination with an interply. The latter contributes towards improving 
the bond between rubber and chlorinated rubber, while the isocyanate 
strengthens not only the adhesive film, but also its thermostability. A test 
at 100° C in air and even in boiling water yielded a strength of 40-45 kg/cm?, 
with the break occurring in the rubber. From the point of view of tensile 
strength, the new adhesive combination certainly produces promising 
values for a non-brass bond. Further data on the vibration resistance of 
this chlorinated rubber-isocyanate joint will have to be awaited before its 
ultimate industrial value can be established. 


(e) Brass Plating ** 8 


Not all the sulphur reacting with the hydrocarbon in a soft rubber mix is 
used instantaneously for cross-linking. Arguments can be put forward for 
the formation of —SH groups, which will have a strong affinity for metallic 
copper and act as an “adhesive”. A number of such sulphur links between the 
rubber and the copper is sufficient to produce strong chemical bonding. 
Reasoning from analogy with cross-linking reactions, about one sulphur- 
bridge to 100 isoprene units of the rubber should be sufficient. Copper, 


References p. 423 


418 RUBBERY ADHESIVES CH. # 


on the other hand, reacts vigorously with sulphur and the rapid formation 
of a copper sulphide layer precedes vulcanization and bonding reactions. 
The secret of the brass layer then is the dilution and passivation of the 
copper surface. This complex problem has been clarified by a number of 
fascinating experiments performed by BucHaNn. 

After rigorous cleaning and de-greasing, most metal surfaces can be 
brass-plated, but only a specific type of plating is suitable for bonding 
rubber. For details the reader is referred to BucHAN’s work, the following 
points of general interest being taken from his monograph. 

The plating plant should have facilities for hand-operated plating, 
automatic plating, barrel plating of very small units and special pre-treat- 
ment of alloys. Attention must be given to the correct composition of the 
electroplating solution as well as to the cleaning bath. Pores and non- 
homogeneous surfaces of the metal lead to bad bonding, even if the plating 
is correctly done. Apparently identical brass surfaces showed considerable 
differences in bonding capacity. Examination of the surface by electron- 
micrographs and electron-diffraction technique revealed the co-deposition 
of foreign substance with the brass or non-uniform deposit as the ultimate 
cause of bond failure. One of the less obvious potential sources of failure 
is the co-deposition of complexes of the type (Zn(NHs3),) (Zn,(Fe(CN),).)- 
The deposition of such complexes depends on the composition of the bath. 
It explains why a bath has to be used sometimes for some hours before 
satisfactory brass surfaces can be obtained. Processing control includes 
current density, metallic salt concentration, PH, temperature and the addition 
of ammonia. The latter acts as current carrier counterbalancing cathodic 
polarisation. 

The formation of a good rubber-to-brass bond depends on the correct 
balance between the two processes: 

rate of reaction of sulphur with brass 
rate of reaction of sulphur with rubber 

A rapid reaction of sulphur with brass will lead to the formation of 
copper sulphide, preventing bonding with rubber. The reactivity of the 
brass depends on the method of plating; it cannot be expressed in absolute 
units and for this reason vulcanizing mixtures cannot be divided into good 
and bad ones. Some sources of bad bonding have, however, been eliminated 
by empirical work. Fast accelerating, scorchy mixes should be avoided. 
Moderate retardation during processing and at the beginning of the cure 
appears to be an advantage. Accelerators of the M.B.T. type are preferred; 
the accelerator/sulphur ratio seems sometimes to be more critical for bond 
strength than for optimum rubber cure. Certain accelerators of the T.M.T. 
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type lead to sulphide formation on the brass, preventing an adhesive bond. 
Buchan suggests the use of thioplast layers as an alternative source of reac- 
tive sulphur. 

The composition of the rubber mix obviously depends on the ultimate 
use of the product. Sometimes it is possible to extrude the rubber on to 
the brass surface and vulcanize in suitable moulds; in other cases it is neces- 
sary to deposit on the brass surface a bonding cement, differing in compo- 
sition from the rubber body. 

A bonding cement from natural rubber is also a useful aid towards 
improving the inferior adhesion obtained with G.R.S. and Buna S. No 
difficulty seems to be experienced in bonding nitrile rubbers to brass. 
Although Neoprene is vulcanized without sulphur, the latter is an essential 
ingredient in bonding the various types of Neoprene to brass. Excellent 
bonds between butyl rubber and brass can be obtained if (1) the compound 
is stiffened by the addition of clay and, (2) very high concentrations of 
accelerators of the thiuram type are used to speed up vulcanization. 
Although these accelerators prevent bonding of natural rubber mixes by 
reaction with the brass, they have a beneficial effect on the bonding of 
butyl rubber, which has only a few double bonds and therefore slow 
vulcanizing characteristics. 

It appears that any polymer capable of reacting with sulphur can be 
bonded during the vulcanization process to brass. Sulphur reacts with many 
other metals and it is to be expected that this method of adhesion will be 
applied to other rubber-metal combinations. Although several metals e.g. 
nickel, aluminum, bronze and phosphor bronze are occasionally mentioned 
as giving good adhesion with rubber on vulcanization, none of them has 
been applied on a large scale. The production of another metal surface 
with reproducible reactivity towards rubber-sulphur mixes could only 
be achieved by carefully planned research. 


§ 6. THE ADHESION OF RUBBER TO FIBRES 
(a) General Remarks 


Strong adhesion of rubber to cotton is produced by vulcanization alone in the 
absence of any special adhesive. Fabrics are frequently proofed by cold 
curing with sulphur chloride solutions, which seem to produce a “handle” 
difficult to obtain with other vulcanizing agents. Gasoline or benzene are 
mostly used as a solvent, but carbon disulphide is still employed for special 
purposes. Attempts are now being made to replace it by mixtures of less 
objectionable solvents. 
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The appearance of rayon and nylon has raised many new problems of 
adhesion, which have been extensively studied in tyre-cord production, 
and will be discussed now. The last section gives some particulars on adhes- 
ive tape processing. 


(b) Rubber-Cord Adhesion *4—*8 


Rayon is everywhere ousting cotton in tyre cord. The strength of the 
former does not deteriorate to the same extent as cotton at 95—120° C, a 
property particularly valuable in G.R.S. tyres, which develop higher 
temperatures than natural rubber. It was found at first that the adhesion 
of natural or synthetic rubber films to rayon was very weak. To-day we 
know from the systematic study of fabrics that these differences are essen- 
tially due to different fibre surfaces. The fine hairs of cotton create a large 
surface, which is mechanically interlinked with the rubber and contributes 
to the adhesive bond. Continuous filament viscose, acetate rayon and nylon 
lack these structural irregularities, whereas fabrics woven from spun staple 
fibres regain a fraction of the cotton quality, this being probably due to 
the protruding ends of the staple fibres. Another factor influencing the 
adhesive bond is the extensibility of the fibre. Special high tenacity rayon 
has to be used. Adhesion between rubber and rayon is enhanced by special 
adhesives. Three distinct classes are known at present: 

(1) Impregnation with a vulcanizing latex-borax-casein mixture, or even a 
reclaim emulsion-latex-casein mix omitting vulcanizing ingredients. The 
latter will diffuse from the rubber body into the bonding layer during 
vulcanization. 

(2) Impregnation with a latex-resorcinol-formaldehyde mix. Here the resin 
possibly acts as a cross-linking agent. 

(3) Impregnation with an isocyanate solution. 

Table 62 gives some relative figures ** which illustrate, not only the 
value of the bonding method, but also the significance of dynamic testing. 
It is seen that the static strength of the cotton-rubber bond is only twice 
that of rayon, whereas the dynamic fatigue life is twenty times longer. 
Isocyanate bonding improves the dynamic fatigue of the rayon cord by a 
factor of 75-165, while the static test would give the impression of a much 
smaller improvement. Isocyanates make the rayon bond equal or superior 
to the untreated cotton-natural rubber bond. 

Results for nylon are similar as far as adhesion and fatigue resistance are 
concerned, but the fabric has the disadvantage of excessive growth in 
service. Finally, it should be mentioned that steel wire cords are used 
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TABLE 62 


STATIC AND DYNAMIC FATIGUE OF RUBBER—CORD ADHESION AT 80° c 
(after FRoMANDr (59) ) 





Dynamic test: 2 cm of cord are vulcanized into a carcass mixture. The test piece is 
moved to and fro at a rate of 500 cycl./min. Unit: rupture after X minutes. 
Static test: Unit: kg/cm?, 











A. Influence of rubber and cord material on the adhesive bond 
No impregnation of the cord 

































































Cord material | Cotton Rayon | Cotton 
Rayon 
| Static Dynamic | Static Dynamic : : 
Test method kg/cm? | min, | kg/cm* | feery Static | Dynamic 
Naturalrubber | 5.6 | 55 | 2.8 1G Sy ae a, 18 
Buna S 3 Ceo ie i se, | et 83 20 
B. Influence of impregnation on adhesion of rubber to rayon 
Cord material rayon 
Polymer Natural rubber Buna S$ 3 
Static Dynamic | Static | Dynamic. 
Test method kg/cm? min. kg/cm? min. 
Desmodur R impregnation 91 iad 4250 7.2 165 
Latex-resorcinol resin imp. 4.8 65 4.2 45 
No impregnation 2.8 : 1.8 1 
Improvement by Desmodur. Factor: | fs ti. | 4.0 165 


where operating conditions are particularly severe, in which event adhesion 
raises no special problems. 

Isocyanate bonding does not measurably improve the adhesion of rubber 
to cotton fabric or duck when measured in a static peeling test. The flex 
life of a laminated fabric treated with 10% Desmodur R is, however, 
increased from 2 min. to about 17 min. An isocyanate treatment will there- 
fore reduce the number of failures due to separation of the cotton and the 
rubber. 


(c) Adhesive Tape 


In frictioning an adhesive layer upon a continuous backing of cotton, 
cellophane or another plastic film, adjustment of temperature is the decisive 
factor. The adhesive has to be sufficiently sticky to adhere to the tape, but 
must stick neither to the third roll nor to the back of the next layer when 
wound up. The adhesive is therefore fed to a three-roll calender, the middle 
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roll being kept at a moderate temperature. An alternative method is spraying 
the adhesive from a solution. 

The classical surgical plaster mass consisted of lead oleate mixed with 
resins. It had, however, to be warmed before application and was decom- 
posed by secretions of the skin. The introduction of a rubber component 
therefore marked considerable progress. Colophony is added to increase 
the tack, but it causes peroxide formation and the rubber is quickly hardened 
and destroyed upon exposure to air and light. W.W. (water white) colophony 
is less likely to cause skin irritation and is therefore preferred. Liquid 
paraffin is added to prevent drying up and another component is linseed 
oil or wool grease to soothe the skin. Zinc oxide and other fillers are 
added. The rubber (20-40 parts) in this case acts as a strong macro- 
molecular backbone to the sticky paste. For use in tropical countries a 
higher rubber and lower oil content is necessary in order to avoid excessive 
stickiness. A close-woven fabric from plain bleached cotton has to be used 
to prevent the paste from seeping through. 

The introduction of an elastic plaster was a great improvement in surgical 
technique. Elasticity is due partly to the use of crepe yarns for the warp 
or weft of the base cloth and partly to the elasticity of the rubber-adhesive 
compound itself, which is preferably processed from a solvent. 

Pressure-sensitive tapes are made from 100 parts of well broken-down 
rubber with 140-180 parts of a resin and 75-125 parts of zinc oxide. 
Transparency can be obtained by using a low acid type ester gum in a 
volatile solvent and the omission of mineral fillers. 

The mass of an industrial tape is essentially the same as for a surgical 
plaster, but there is a greater variety of suitable basic materials. Insulating 
tape must contain no ingredients which would corrode copper wire; its 
colophony content is therefore lower so as to minimize acidity. 
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(c) Recent Patents referring to Rubbery Adhesives 


U.S. = number of American Patents 
G.B. = number of British Patents 


Group 1: Latex adhesives 
based on natural rubber 


2,247,293 2,320,937 
2,256,153 2,335,104 
2,302,378 2,357,676 
2,302,387 2,371,899 
2,310,972 2,411,905 
2,311,301 2,417,975 
2,318,126 
542,331 572,232 
561,491 575,767 
based on synthetic rubber 
U.S. 2,419,816 ° 
G.B. 578,304 
Group 2: Adhesive solutions 
based on natural rubber 
2,181,538 2,278,802 2,364,847 
2,188,283 2,278,943 2,375,162 
2,188,331 2,279,256 2,375.163 
2.203,677 2,295,866 2,377,647 
2,229,317 2,297,871 2,382,731 
2,236,527 2,304,678 2,397,627 
2,236,567 2,307,801 2,410,078 
2,251,220 2,325,562 2,412,182 
2,254,321 2,338,948 2,416,925 
2,424,736 
549,885 570,175 
556,147 575,767 
562,987 580,333 
570,173 585,859 
based on synthetic rubber 
2,227,900 2,398,108 
2,392,590 2,400,474 
2,393 495 2,417,792 
2,395,070 2,423,755 
580,190 585,859 
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based on rubber derivatives 


U.S. 2,218,617 2,281,087 2,398,735 
2,236,597 2,311,656 2,407,143 
2,259,190 2,373,308 2,410,053 
2,259,331 2,375,163 2,413,432 

2,425,348 

G.B. 546,636 578,019 

549,977 579,447 585,060 
557,162 581,137 585,664 


based on mixtures of rubbers and resins 


U.S. 2,290,205 2,364,847 2,381,186 
2,352,637 2,366,219 2,392,618 
2,352,705 . 2,376,777/8 2,418,025 

2,424,736 

G.B. 595,290 

Group 3: Metal plating 

U.S. 2,240,805 2,399,019 
2,240,862 2,409,759 

G.B. (577,702 


CHAPTER 8 
ADHESION IN SOLDERED JOINTS 


W. R. Lewis, B.Sc. (Lonp.) 
Development Manager, Tin Research Institute, Greenford, Middxx (England) 


§ 1. mnvrRopUCTORY 


A soldered joint is made by introducing molten solder, an alloy of tin and 
lead in variable proportions, between specially prepared and heated metal 
surfaces and then allowing it to cool. Another method, which is much used, 
begins by forming a coating of solder, or of pure tin, upon the surfaces in 
a preliminary operation known as tinning, and then bringing the two 
surfaces together while heating them sufficiently to melt the coatings so 
that these flow and merge together as in a welding operation; cooling then 
effects joining into a solid assembly. The advantage, as compared with 
welding, is that the joining is done at a temperature far below the melting 
points of the metals being joined, and there is, consequently, no risk of 
damaging or destroying the shape of the articles; for example, soldering is 
usually carried out at temperatures of about 300° C on metals such as brass 
and steel which melt at 1000° C or higher; when it is necessary to solder 
more easily melted metals, such as pewter or plain lead, it is the usual 
practice to use a solder of specially low melting point, for example, the 
bismuth alloy 43 per cent. tin, 57 per cent. bismuth, having a melting point 
of 132° C, or Wood’s alloy which melts at only 70° C 99, 


§ 2. SOLDERING CONTRASTED WITH GLUING 


The principle of making soldered joints rests on the ability of molten 
solder or tin to flow over solid metals and cling tenaciously to them after 
cooling and solidifying. There are certain similarities of a superficial kind 
between soldered and glued joints, but also some very obvious differences. 
In both types of joint, the adhesive medium during the making of the joint 
is fluid and flows freely upon the surfaces and fills the spaces between them, 
and then at a later stage, adhesion develops. In both glued and soldered 
joints, too, it is usually possible to coat the joining surfaces separately, and 
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at different times, and to effect joining between the coated surfaces at some 
later time. In all glues, solidification in the joint may result from reduction 
of the amount of water or solvent contained in them as a result of drying 
in the atmosphere or by absorption into the material adjacent to the joint, 
or by polymerisation into molecules of much higher viscosity. In solders, 
viscosity in the liquid state is always too low and inadequate to serve as 
the bonding agency; so long as the solder is molten there is no anchorage 
between the two surfaces; change of state from liquid to solid, as a result 
of temperature fall, is essential. 


§ 3. INFLUENCE OF SURFACE CONDITION 


The pouring of molten solder between two closely adjacent surfaces of 
metal, such as steel, results, after cooling has occurred, in the forming of 
a thin slab of solder between those surfaces. Usually, the application of 
quite a small force, generally a few pounds per square inch of the contact 
areas, suffices to pull away the steel from the slab of solder leaving them as 
free of solder as they were originally. By contrast, when the pouring of 
the solder between the two pieces of steel follows a suitable pre-treatment 
of the steel surfaces, the slab of solder is found to be strongly adherent and 
a force of some tons per square inch is needed in order to separate the two 
pieces of steel; moreover, the separation from the solder is not complete 
for the layer, or slab, of solder is pulled apart and some of the solder adheres 
to both steel surfaces. The forces of cohesion within the slab of solder in 
these two instances are the same but there is a notable difference in the 
degree of adhesion to the enclosing steel plates. This strong adhesion of 
the solder is the essence of soldering which, by its derivation means to 
make solid. 


§ 4. COHESION AND ADHESION IN SOLDERED JOINTS 


When the attempt is made to pull apart a pair of soldered surfaces, A and B, 
the force is applied against the adhesion of the solder to each metal surface 


and against the cohesion within the solid metals and in the solder. The 
chain of resisting forces is: 

(1) cohesion in metal A; 

(2) adhesion of metal A to solder; 

(3) cohesion in the solder; 

(4) adhesion of solder to the metal B; 

(5) cohesion in metal B. 
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The value of the cohesive forces (1) and (5) is not in question but it is 
necessary to note that, usually, they are greater than (2), (3) and (4) as 
shown by the eventual fracture of the joint, when the applied pull is 
increased sufficiently, either in the solder layer (3) or at one of the solder/ 
metal interfaces, (2) or (4), whichever of them is weakest. 


(a) Action of Flux in Soldering 


The special pre-treatment of steel or other metal surfaces which is necessary 
in order to bring about adhesion to the solder, consists in the cleaning of 
the surfaces, the coating of them with flux and the heating of them above 
the melting point of the solder 21. 


(i) Covering Action 

The cleaning treatments have the effect of removing dirt and oxide coatings 
from the surface. Abrasion, washing with solvents or alkalis, and pickling 
in acids, are the ordinary practical means of obtaining a thoroughly clean 
“solderable” surface. Immediately after cleaning, in order to prevent 
re-oxidation, the soldering flux is applied, generally while the surface of 
the solid metal is cold, although it is not necessary that it should be. It is 
sufficient that at this stage the flux should act as a cover? over the solid 
metal surface and exclude the air which would cause oxidation. Steel, 
copper, brass and some other metals do not oxidise appreciably when 
coated with either tallow, stearine, palm oil, resin dissolved in alcohol, or 
with aqueous solutions of certain acidic metal chlorides and bromides. 
In contrast, aluminium forms a substantial film of oxide in the instant that 
a new surface of this metal is formed, whether in air or in contact with 
moisture or other oxygen containing substance. Petroleum jelly is also 
able to afford some protection against oxidation. The protection against 
oxidation becomes more necessary as the solid metal is gradually heated 
up to the soldering temperature, usually between 250 to 350° C, and it is 
important, therefore, that fluxes should not disappear, e.g., by evaporation, 
decomposition or ignition, either before or during the spreading of the 
molten solder over the surface. Petroleum jelly readily takes fire so it is 
not a good cover; resin-in-alcohol flux is readily ignited at high soldering 
temperatures but is satisfactory below 300° C. 


(ii) Removal of Oxide 


Prevention of oxidation by virtue of ability to exclude air is one function 
of a soldering flux but there are several others. A second function is ability, 
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near the soldering temperature, to react with and remove any metallic 
oxide which may not have been removed by preliminary cleaning treatments 
or which may have formed subsequently. Substances which can be used as 
soldering fluxes are either acids or compounds which, at soldering 
temperatures, decompose into acidic substances with corrosive action on 
the solderable metals. Tallow, stearine and palm oil, just mentioned, are 
glycerides of fatty acids; resin breaks down into acids such as abietic acid; 
organic hydrochlorides, usually amine hydrochlorides, decompose with 
liberation of hydrochloric acid; aqueous solutions of the chlorides of zinc 
and tin are, in part, hydrolysed; ammonium chloride dissociates into the 
free acid and ammonia; phosphoric and lactic acids are active fluxes. It is 
noteworthy that oxidising acids and their salts have no fluxing properties 
for solder. For example, zinc nitrate and sulphate, and ammonium nitrate 
and sulphate, are not able to act as fluxes in soldering. 


(iii) Flax as a Vehicle for Reaction Products 


Although hydrochloric acid has a very strong reaction with iron and other 
metals it is not by itself a good flux except when by its action on the metal 
it produces a chloride which has fluxing properties. The reason appears 
to be that the acid lacks the third requisite of a flux, namely the ability to 
remain fluid during soldering and to act as a vehicle for the removal of the 
products of its reaction with both the oxide and the metal itself. When 


these products are not removed they form an effective barrier between the 
metal surface and the solder. 


(iv) Ease of Displacement by Solder 


It is essential that the adhesion of the flux to the surface being soldered 


should be weaker than that between the metal and the solder if the latter 
is to spread upon the surface. 


(v) Electrolytic Action of Flux 


There is evidence !® that the flux acts as the electrolyte of a galvanic cell in 
which tin in the solder is anodic and the metal being soldered is the cathode; 
the tin dissolves in the flux and is thrown out of solution by contact with 
the bare metal acting as a cathode. The tin was visible as a halo of tin-coppert 


compounds just ahead of the advancing meniscus of solder, according 
to Latin. 
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(vi) Surface Tension Effects 


Flux displaces air from the solder surface where the surface tension 2 js 
about 600 dynes per cm and the interfacial tension between flux and molten 
solder is only about half of this value 3. The lowering of the surface tension 
of the molten solder by the flux results in its surface increasing, that is, 
the solder spreads outwards under gravitational and other forces to a new 
position of balance or equilibrium; this would happen even if the solder 
were on a plate of glass instead of metal. 


(vil) Common Fluxes 


The flux most commonly employed in soldering is zinc chloride, but resin 
(rosin, colophony) is also much used. Other fluxes less generally used 
include stannous chloride, animal and vegetable tallows, palm oil, oleic 
acid, and phosphoric acid 21. All these substances are liquids at soldering 
temperatures and are mobile on the soldered surfaces and can therefore 
comply with the third requirement for a soldering flux. Two substances 
having fluxing action but which do not undergo fusion are ammonium 
chloride and lactic acid; ammonium chloride is volatile and dissociates on 
heating; by itself it has a very inferior fluxing action. 

Zinc chloride flux is commonly applied as a solution of about 30 per cent. 
in water with sufficient free hydrochloric acid to prevent precipitation of 
the basic (hydroxy) chloride, Zn(OH)Cl. While the surface heats up to 
soldering temperature, most of the water boils off, leaving a crystalline 
hydrated chloride which melts at about 260° C. It follows that below this 
temperature the flux is present on the surface not as a fluid but as crystals 
which have no mobility 3 and therefore obstruct the spreading of the solder 
instead of aiding it; these unmelted crystals, if small enough, may be 
bridged over by the molten solder and so, by their presence, prevent 
adhesion at these spots. A practical solution of this difficulty is to add some 
ammonium chloride to the zinc chloride so as to produce the eutectic 
mixture of these salts with a melting point of only 170° C, which is well 
below the temperature at which solders are usually applied. 


(b) Solderability of Tinned Surfaces 


A surface which has been coated with tin or solder by dipping it after 
Suitable cleaning and fluxing treatments is ideal for soldering since all that 
is necessary is to bring molten solder into contact with it and allow its 
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coating to merge in the solder. There are, however, other methods of 
coating metals with tin or solder which may be preferred for their con- 
venience in particular circumstances although their solderability may not 
be as good as that of hot dipped coatings. Among such alternative coatings 
may be mentioned: 

(i) electrodeposition 

(ii) chemical replacement 

(iii) stannising 

(iv) spraying 


(i) Electrodeposited Coatings of Tin and Solder 


Electrodeposited coatings may be of any desired thickness: The baths in 
common use are the alkaline stannate and the acid stannous sulphate but 
a number of other baths are also available. Very thin coatings, like replace- 
ment coatings, are not effective for soldering. For good solderability after 
long storage the following thicknesses have been recommended ?!: 


on steel. . . . . . 0.0002 inches (0.0050 mm), 
oncopper. . . . . 0.0003 inches (0.0075 mm), 
on brass. . . . . . 0.0005 inches (0.010 mm). 


It has recently been claimed ** that coatings of tin-lead alloy (30 per cent 
tin) deposited from a fluoborate bath to a thickness of only 0.0002 inches 
(0.0050 mm) retain their solderability even after several months of storage; 
it is possible that there is less diffusion of the basis metal through the lead 
alloy coating than through the pure tin and that as a result, the alloy 
coating remains less contaminated and therefore less liable to oxidation. 


(ii) Chemical Replacement Tinning 


Chemical replacement tinning is usually applied to small articles such as 
pins, eyelets, tags and wire hooks. A quantity of the articles is placed in a 
suitable vessel and boiled for some minutes or even an hour or two with 
a salt of tin. The coatings can be produced upon steel, brass and coppet 
surfaces and the thickness is usually of the order of ten to twenty millionths 
of an inch (0.00025 mm). When newly applied, replacement tinned coatings 
may solder with about the same facility as freshly cleaned bare metal but 
their solderability rapidly declines, probably by diffusion of the base metal 
upwards through the coating. Heating for 30 minutes at 150° C assists the 
diffusion and on brass or copper the underlying surface may become visible; 
a repetition of the replacement treatment restores the bright tin appearance. 
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(iii) “Stannising” and Alloyed Coatings 


Stannising or the coating of steel, copper and brass with tin deposited from 
the vapour of stannous chloride at 500° C in an atmosphere of hydrogen, 
gives coatings which are completely alloyed with the basis metal and are 
teadily soldered 14. Similar fully alloyed coatings can be obtained by a 
replacement process in which the tin is deposited from a molten mixture 
of chlorides and bromides of tin mixed with alkalis, zinc and perhaps other 
metals. The solderability is inferior to coatings containing free tin. 


(iv) Sprayed Tin Coatings 


Sprayed coatings are applied to surfaces below the melting point of the tin 
or the alloy which is being sprayed. There is therefore no alloying between 
the tin or solder and the base although some diffusion probably occurs. 
There is no predisposition to soldering but the presence of the sprayed 
coating, which is generally thick, of the order of 0.001 or more inches, 
means that there is amply sufficient solder or tin on the surface to effect 
the soldering. 


§ 5. TREATMENT OF OXIDIZED SURFACES 
(a) Aluminium 


The normal pretreatment and fluxing do not suffice to remove the oxide 
film and to leave a bare metal surface because the aluminium reacts 
vigorously with air, water or other oxygen-containing substances. The 
recommended method of soldering this metal is to cover it with molten 
solder and then scratch away the oxide film so that the solder comes into 
contact with the bare metal before oxidation can occur. The solder should 
contain about 70 per cent of tin and 30 per cent of zinc. The temperature 
should be in the region of 400° C and in order to minimise oxidation 
it is an advantage to have a cover of fused salts, generally the chlorides 
and fluorides of the alkalis. . 

Another recommendation is that the oxide film should be artificial'y 
thickened by treatment with a mixture of phosphoric and nitric acids for 
one minute; the acid is then washed off and the dried surface is said to be 
solderable. 

Ultrasonic vibration applied to a heated soldering bit containing abrasive 
material is effective in removing the oxide film and appliances for this 
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purpose are now available commercially. The bit is applied under molten 
solder of the 70/30 tin-zinc type. Surfaces “tinned” by this method are 
frequently difficult to solder without further application of the ultrasonic 
type of soldering bit. 


(b) Copper Alloys Containing Beryllium, Aluminium, Silicon 


The alloying additions mentioned are all readily oxidised and even when 
present to only a few percent have a most deleterious effect on solderability. 
The treatment recommended for aluminium is sometimes capable of bringing 
about wetting but the adhesion is usually rather low. 


(c) Glass and Ceramics 


While glass, porcelain and other vitreous and ceramic surfaces are not 
wetted by tin or ordinary tin-lead solders they can be specially prepared 
so that a solderable deposit will adhere to them. The usual method is to 
flash a thin deposit of silver on to the specially cleaned surface by BRASHEAR’S 
method or by painting on a suspension of silver oxide in oil of lavender or 
a similar heavy oil which when strongly heated will reduce the silver and 
leave it firmly adhering to the ceramic or glaze. The first thin film of silver 
is then thickened by electrodeposition of silver or copper to a thickness 
sufficient to allow of soldering in the usual way. 

It has recently been claimed that an alloy of tin with its own weight of 
indium can be made to adhere to very clean glass. The alloy is applied at 
about 140° C and allowed to cool extremely slowly. During solidification, 
which occupies the range from 127° C down to 117° C, the alloy becomes 
pasty and adhesion to the glass develops. 


§ 6. WETTING OF METALS BY TIN AND SOLDER 


For simplification we will consider first only one surface, that is, one half, 
of a soldered joint consisting of steel, iron-tin compound and solder. 
Unprepared steel dipped in molten solder may be left there for a long 
time but solder does not adhere to it. Clean steel, coated with flux and then 
dipped, rapidly acquires a thin coating of solder. In some cases the coating 
of solder may appear “greasy” or rippled because the molten solder, as 
it drains under gravity, may form irregularly into streaks, like water on 
a greasy surface. 

In the first mentioned case, when the steel fails to acquire a coating of 
solder, it is observable that the surface of the molten solder is not, during the 
dipping operation, normal to the steel but is curved sharply downwards 
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and, below the level of the solder surface, lies tangentially against the steel. 
Where the steel acquires a coating of solder the surface of the molten metal 
“curves upwards in a meniscus that is located at an appreciable distance 
above the level of the solder surface. From the similarity of behaviour to 
that of water in contact with greasy glass or with clean glass, the word 
“wetting” is used to describe the behaviour of the molten solder &. Where 
the coating appears “‘greasy”, there may have been only partial wetting or 
it is possible that wetting may have been followed by partial “de-wetting”’. 


(a) “Pores” in Tin Coatings 


Oxide, carbon, graphite, siliceous or other non-metallic particles are not 
wetted by tin and when these substances are present in iron or steel 
surfaces, the coating of tin may show small discontinuities or pores at 
their sites. Provided that the non-wetting particles are small they may be 
bridged over by the tin, both while it is molten and when it has solidified. 
CuHAtMeErs ® found that for pores to be stable in tin coatings, they must 
have a minimum diameter of 0.7 of the thickness of the coating. These 
non-metallic inclusions are not the only causes of pores; gas bubbles at the 
metal surface may prevent contact with the tin; such bubbles may form there 
by expulsion of hydrogen, which is absorbed plentifully during’ pickling 
and fluxing, or may have their origin in the vapourisation of moisture 
from the flux or in gaseous products of the fluxing action and be mechanic- 
ally entrained in the molten tin. 

Jonzs 18 found that molten tin would not wet copper at surface inclusions 
of cuprous oxide but reduction of these inclusions to metallic copper by 
means of hydrogen enabled tin to adhere to them. He also established that 
this initially nearly perfect wetting did not survive prolonged or repeated 
immersion in molten tin; the surface showed strong de-wetting due to the 
tin dissolving the superficial film of reduced copper and exposing the 
underlying oxide that had not been reached and reduced by the hydrogen. 


(b) Formation of Compound during Spreading 


On a plate of steel, copper or other solderable metal, there is, during wetting 
by solder, the simultaneous formation of compound with the tin in the 
solder 1°; some of the tin becomes fixed to the solid metal in a solid crystal- 
line formation. The tension in the molten solder surface does not prevent 
tin from passing into the solid metal; as the process continues, the crystalline 
compound layer grows thicker and more irregular; the boundary of the 
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molten metal over this area ceases to exist as a continuous envelope and it 
is replaced by a zone of solid compounds, attenuating upwards into the 
solder and downwards into the solid metal; some compound is formed 
in the solder and when the saturation point is passed it may appear in 
crystalline form, coming out of the liquid metal. The surface of the molten 
solder drop is no longer a continuous envelope in tension as it would be on 
a glass surface; the envelope now exists only from meniscus to meniscus 
over the free surface of the molten drop of solder. The solder spreads 
outwards continually under hydrostatic pressure and when this force has 
ceased to be important any longer because of flattening of the drop, 
spreading continues by diffusion both downwards into the metal and 
outwards. 


(c) Effect of Surface Roughness on Spreading 


CHALMERS and WapiE® pointed out that the simple theory of surface 
tension was inadequate for the wetting of metals by tin because the solid 
surface was not ideally smooth. On a smooth solid surface the equilibrium 
at a liquid boundary is the balance of the tension between the liquid and 
the solid and the opposing combined tensions in the liquid/air surface and 
the liquid/solid interface. 


In the Fig. x 
T, = T; + T, cos 6 (i) 
But when the rough surface is ” times 
greater than the projected area of the 4 
solid surface %3 " 
nl, = nT, + T, cos 8 (ii) 


Let 9 be the angle of contact for a smooth surface and 0, that for a rough 
surface (n>1) 


Then 
I, = T, + 7, cos 0 
and 
nT, = nT; + T, cos 0, 
or 
mT, — T;) = T, cos 8, 
and 


ti 
Ts cos § = 1, cos 0, 
n 


cos 6, = a cos 0 


When es 90°, corresponding with a tendency to wetting, increase of 
# may increase cos @ to a value greater than 1, that is, wetting may be 
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complete. When 6 > 90°, increase of # increases the negative value of cos 
6 and so increases 0, that is, causes less wetting. That is, roughness increases 
whatever tendency would exist on a smooth surface: a wettable surface 
wets more easily, and poorly wettable metal is more difficult to wet. Similarly 
if # is less than unity, 0, is greater than 6, that is, wetting is less complete: 
this covers the case of-a surface with non-tinnable inclusions in it. 


(d) Surface Capillarity and Spreading 


Evidence that surface roughness or capillarity can promote spreading and 
wetting was obtained by PARKER and SMoLuUCHOwsKI *¢ for molten silver 
on steel. They machined three sets of parallel grooves on a sheet of special 
steel containing 6 per cent of molybdenum in order to prevent the trans- 
formation from the a to the y form at the high temperature of their tests. 
In the first set of grooves the sides converged at an angle of 120°, in the 
second, the angle was 90°, and, in the third, it was 60°; all three sets of 
grooves were of the same depth, namely, 0.005 inches. 

The sheet was dipped vertically into molten silver and it was observed 
that there was no appreciable rise of silver in the grooves of 120°; in the 
90° there was a rise of about one inch above the level of the molten silver, 
and in the 60° grooves there was a rise of two inches. 

In another test, sheets of the steel were prepared with a variety of finishes, 
formed into boats and placed in a combustion tube. In the middle of 
each boat a drop of silver was placed and its spreading behaviour was 
observed. With a coarse emery finish there was very little spreading and 
not very much upon a sand-papered surface; on polished surfaces the 
spreading was slight, but on nitric acid etched surfaces the silver spread 
unchecked over the entire surface of the boats, including the internal 
vertical sides, the outsides, and across the underside. The silver spread more 
rapidly along the grain boundaries of the steel than over the surface of the 
grains of iron. 


(e) Electrochemical Action Precedes 5 ‘preading 


LATIN studied the influence of fluxes on the spreading power of tin solders 
on copper ?®. With zinc ammonium chloride flux, he observed that around 
the drop of molten tin or solder there was a grey halo extending further 
outwards into blue. A similar effect was seen on the surface of copper when 
heated in contact with zinc chloride which had previously been strongly 
heated with tin or solder. Larmn immersed a copper strip in fused stannous 
chloride floating on molten tin and made electrical connection outside the 
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bath between the copper and the tin. The surface of the copper instantly 
changed to grey and then became silvery in colour, due to a deposit of tin. 
The copper became the positive pole and it was inferred that the chloride 
ions were liberated at the molten tin anode and so maintained the supply 
of stannous chloride. The first deposition of tin on copper during soldering, 
therefore, appears to be the result of a chemical replacement action in fused 
chlorides or other electrolyte. Replacement tinning of copper and of steel 
by immersion in fused salt mixtures of stannous chlorides with sodium 
and other chlorides have been known for several years, and have been 
employed commercially for the production of thin tin coatings on threaded 
parts with a view to avoiding the clogging of the threads of fine grooves 
with molten tin which is difficult to avoid when tinning by dipping in the 
usual way. The “‘Stannising” process }* produces thin deposits of tin on 
copper and steel parts by exposing them to an atmosphere of stannous 
chloride vapour mixed with hydrogen at about 500° C. 


(f) Spreading and Alloying 


Latin found that pure lead spread rapidly on copper at 350° C under resin 
or preferably halide fluxes ; a drop of lead spread to the edge of the specimen. 
The surface tension of lead in hydrogen at 350° C is 441 dynes per cm 
compared with 550 dynes per cm for tin at 250° C. He took this to indicate 
that the work of adhesion, lead to copper, must be high although there 
is no alloying action to aid the wetting, but he remarked that the decrease 
in contact angle with rise in temperature in the case of both tin and solder 
on copper “is possibly due to increased readiness of alloying.” 


(g) Area of Spread Tests for S olderability 


The area that becomes covered with solder when a fixed quantity of it is 
heated to a particular temperature while lying upon a flat plate of the 
metal in question, has been used as a means of assessing the soldering 
characteristics of various alloys. 

In one version of the test, the solder in the form of a standard pellet 
is placed at the centre of the metal specimen which is one inch square and 
mounted upon three needle points on a spring-mounted stage which can 
be raised by a cam movement so that the pellet of solder is brought 
up to and makes firm contact with a soldering bit (Fig. 149). The 
soldering bit carries a nichrome tip of the same size as the pellet of 
solder and into this tip a thermocouple is fitted indicating its tempe- 
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rature. Within a few seconds the solder melts and spreads out in all 
directions. The spreading may be allowed to continue to the maximum 
or for a prescribed length of time only. 
The area of spread is then computed 
with a planimeter. 

Variations may be made in the type or 
quality of the solder, the flux, the basis 
metal, and in the temperature of the bit. 
The test gives useful indications of the 
merits of the various factors but is not 
as sensitive as could be wished (Fig. 150). 


(h) Surface Tension of Solders 


The surface tension of tin was found 
by BrrcumsHaw ? to be 550 dynes/cm at 
250° C in hydrogen; this is equivalent 
to a work of cohesion of 1100 ergs/sq. 
cm so that for complete spreading, the 
work of adhesion between the tin and the 
solid metal would have to exceed this 
figure. For a solder of eutectic composi- 
tion the surface tension in hydrogenis 490 
dynes/cm equivalent to a work of cohes- 
ion of 980 ergs/sq. cm, that is, 120 ergs/ ig : Rains reigdad nth yi papa 
sq. cm less than tin. LATIN concluded 1° 

that the smaller work of cohesion in eutectic solder as compared with 
tin, is the cause of the better spreading of eutectic solder; he also inferred that 
since the work of cohesion in 50/50 tin-lead solder is lower than 
in eutectic solder, 
spreading should 
be better in this 
case also, but this 
was not found 
to be the case 
in EArRLE’s tests 
with the Kolla- 


graph. 








Fig. 150. The results of some typical spreading tests. 
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(j) Measurement of Wetting by Solder 


In practical soldering it is desirable that the solder should spread over and 
wet the metal without any appreciable lapse of time. EARLE considered 
that when wetting by solder occurred within one-fifth of a second, it could, 
for practical purposes, be regarded as instantaneous and he adopted this 
as a ctiterion for the 
comparison of solde- 
ring properties. He 
determined the lowest 
temperature at which 
various solders and 
fluxes would instantan- 
eously wet a number of 
different metals under 
standardised — condi- 
tions; this he described 
as the ,,minimum ef- 
fective wetting temper- 
ature” (M.E.W.T.). The 
apparatus was termed 


the Kollagraph and is 


Fig. 151. The Kollograph measures and records the shown in Fig. 151. A 
jointing capacity of soldering systems. 





flat plate of the metal 
under test is suspended, with its lower edge horizontal, above a pot of 
molten solder and forms the load on one arm of an automatic balance. 
When the load is increased, the position of balance is rapidly restored by 
the paying out of a fine chain. During a test, the bath of molten solder is 
raised until the solder surface makes contact with the metal plate. The 
first effect in many cases is that the metal plate floats and as a result the 
load on the balance decreases momentarily, but, after a fith of a second, 
or perhaps a little longer, the solder wets the plate and begins to exert a 
downward pull on each side. This pull is rapidly counterbalanced by the 
release of chain and at the same time a pen moving in sympathy with the 


chain drum records the movements upon a continuous chart, running at 
a quarter of an inch per second. 


(k) The Kollagraph 
The records obtained, called Kollagrams, are of the type shown in the 


Fig. 152. The Kollagram on the right shows an upward thrust persisting 
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for nearly 4 seconds before the pull is developed; the pull increased for 


the next 5$th seconds and reached equilibrium at 258 dynes/cm. In this 
instance the solder contained 40 per cent. of tin, 60 per cent. of lead, the 
temperature was 240° C, and the flux on the plate of copper was zinc 
ammonium chloride. The Kollagram on the left was made with the same 
materials but the temperature was 350° C; the wetting was instantaneous 





Fig. 152. Typical Kollagrams showing quick wetting at 350°C (left) 
and delayed wetting at 240°C (right). 


but, in this case, the inertia and delayed response of the apparatus caused 
the balancing load to overshoot before equilibrium was attained. The pull 
ultimately developed is the interfacial tension of the solder for the metal 
under the particular conditions of each test. Using the strongly active zinc 
ammonium chloride flux, the maximum pull was always developed practic- 
ally instantaneously, but with resin an appreciable time was sometimes 
needed. 

It was confirmed that the mean meniscus rise on the two sides of the 
plate was proportional to the surface tension developed. For tin-lead 
solders in the range 63 to 18 per cent. tin, the meniscus rise averaged about 
3.1 mm on copper with zinc ammonium chloride flux; this corresponds 
with a mean interfacial tension of 300 dynes per cm and this value did not 
vary significantly over that range of tin content. On the other hand, for 
an alloy with 5 per cent. tin, 4 per cent. antimony and 91 per cent. lead, 
the meniscus rise was 1.1. mm and the maximum tension was 120 dynes/cm. 

EARLE obtained smooth variation of M.E.W.T. with thickness of the 
basis metal and with tin content. Fig. 153 shows the value for brass from 
0.003 to 0.024 inches thick and for tin-lead solders ranging from 20 per cent. 
tin up to eutectic, 63 per cent. In the upper diagram the broken line is the 
liquidus of the solders; it is seen that with eutectic solder on brass of 
0.003 inch thickness, the M.E.W.T. is 18° C, above the solidus/liquidus 
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temperature. For copper of this thickness the M.E.W.T. appears to be a 
degree or two below the liquidus in the range approximately 50 to 40 per 
cent. of tin, but with 30 per cent. of tin the M.E.W.T. exceeded the liquidus 
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Fig. 153. Brass vs. tin-silver-lead ““T” solder, Z.A.C.flux. 


liquidus (250° C). 


(Il) Kollagraph and Solderability of Metals 


by 6° C, and by 
27° C for 20 per 
cent. tin content. 

For thicker spe- 
cimens it was the 
rule that M.E.W. 
T. values were 
higher unless the 
specimen was pre- 
heated. Thus, a 
sheet of 0.012 
inch thickness at 
120° C required 
solder at the same 
temperature as 
sufficed to wet 
a cold specimen 
of 0.004 inch in 
the allotted time. 

Fig. 154 shows 
that the eutectic 
solder has the 
lowest M.E.W.T. 
with copper strip. 
This was also true 
for other metals 
including tinplate 
Pure tin (m.pt. 
232° C) was not 
better than 30: 70 
tin-lead _— solder 
which has a 
slightly higher 


Kollagraph tests were made on tinplate, blackplate (plain steel), terneplate 
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{tin-lead coated steel), copper, brass and zinc. Tinplate was wetted at lower 
temperatures than the other metals by all solders. The tin-lead solder (free 
from antimony and other additions) wetted all the metals readily. Addition 
of antimony, up to 6 per cent. of tin content, was decidedly deleterious to 


wetting on cop- 
per, but did not 
affect tinplate and 
terneplate; as the- 
se metals are steel 
which has already 
been wetted with 
tin or solder, it is 
scarcely necessary 
to apply the test 
to them but it 
may be useful as 
a practical indica- 
tion of the readi- 
ness with which 


their coatings 


merge with the 
particular solder 
applied to them. 
Brass was wet- 
ted more easily 
than copper whet- 
her antimony was 
present or not. 
Zinc could not be 
dependably  sol- 
dered with anti- 
monial solders. 
Addition of just 
under 1 per cent. 
of silver to 40 per 
cent. tin solder 
appeared to be an 
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Fig. 154. Copper vs. high-purity tin-lead solder, Z.A.C. flux. 


improvement when soldering copper with a resin flux for it gave a 
M.E.W.T. value equal to that of the tin-lead eutectic. 
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(m) Capillary Rise Test for Solderability 


SCHUMACHER, Bouton and Puipps devised a method for distinguishing 
between the activity of solders at chosen temperatures upon various metal: 
and in the presence of any selected 
flux®8, Two wires of the metal are twisted 
together round each other so that the 
length of a whole twist is one inch (Fig. 
155). The pair of wires is then hele 
vertically in pliers, dipped into a pot ot 
flux and then lowered on to the sur. 
face of molten solder of the required 
composition and at the selected temper- 
ature. As soon as the wires touch the 
surface the solder climbs in the capillary 
space between them to a definite level 
which is characteristic for the peculait 
circumstances of each test. It is possible 
by this means to make comparison of 
each variable in turn, and to examine the 
influence of temperature or of flux upon 
the height of climb of any particular 
solder upon a metal or upon a pair of 
wires of different metals, such as brass and steel. As a result of a large 
number of tests, it was established that tin-lead solders of the eutectic 
composition (63 per cent. tin and 37 per cent. lead) climbed higher than 
any other composition. It was also found that, whatever the proportion: 
of the tin and the lead in the original solder, the solder at the top of the 
wires after a test was always a very close approximation to the eutectic 
composition provided that the proportion of the tin to the lead in the 
original solder exceeded 30 per cent. 





Fig. 155. ScHUMACHER’s apparatus 
for testing solders 


(n) Flow Dependent on Temperature Gradient 


This fact suggests that there is some sort of fractionation of the constituents 
in the solder under these conditions resulting in the more leady constituents 
being segregated to the bottom. This is no doubt due to the fact that when 
conditions have settled down, near the end of each test, there is a temper 
ature gradient from the foot of the pair of wires to the top; because ne 
constituent in the solder can flow where the wires are not at least as hot 
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as its own particular melting point, the highest melting constituents, those 
richest in lead, separate near the base of the wires, while the lowest melting 
(eutectic) portion is able to climb higher than any other. 

This state of affairs is of common occurrence in ordinary soldering 
operations using the copper soldering bit. There is intense heating of the 
metal under the bit and close to it on each side, but the temperature falls 
rapidly by conduction into the adjoining mass of metal; the eutectic 
constituent should therefore penetrate furthest into the joints. 


(0) Fractionating Effect in Soldering 


In general then, where a big temperature gradient exists while the soldering 
is being done, there is a gradation of composition in the direction of that 
gradient. An example is the automobile radiator where the soldering is 
done by dipping each face of the block of strips or thin walled tubes into 
a bath of molten solder. Solder enters the capillary spaces between the 
tubes or strips of copper or brass and climbs into a space which is chilled 
by conduction to the interior of the block. The leady constituents will tend 
to stop near the bottom, that is at the face of the block, and the innermost 
solder which has penetrated furthest will be richest in eutectic composition. 
This segregation of the eutectic into the block may cause some impoverish- 
ment of the solder in the bath in respect to tin content. 

Another factor tending to cause impoverishment is the removal of tin 
during the formation of the intermetallic compound in the joints. Which 
effect is most serious must depend on the particular circumstances in each 
Case; in practice it means that the tin content of the solder in the joint may 
often be two or three per cent higher than that of the solder in the bath, 
and if the percentage of tin in the joints is not to decline progressively 
below the desired figure, the solder with which the bath is replenished 
should be correspondingly richer in tin. 


(p) Penetrative Powers of Solders 


LaTIN investigated *° the penetrating power of solders of various tin 
contents between flat metal plates, but comparison of their penetrating 
powers was obscured to some extent by the necessity of varying the 
temperature of application to compensate for the different liquidus temper- 
atures of the different compositions. While 250° C allows a solder of the 
eutectic composition to spread rapidly, it is much too low for a solder 
containing, say, 70 per cent. of lead and having a liquidus at about 270° C. 
Latin measured the penetration power of each solder at 60° C above its 
liquidus, that is to say, at 243° C in the case of the eutectic and at 330° C 
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for the 70 per cent. lead solder. It was not possible therefore to deduce from 
this work a relationship between the tin content and the penetration power 
of solders. While the ScHUMACHER, Bouron and Puipps’ test shows that 
the eutectic constituent in solders climbs higher than other proportions of 
tin and lead, this appears to be a consequence of the temperature gradient 
existing in the wires; whether the surface tension of the eutectic is higher 
than that of other solders of tin and lead is not established by such a test. 
Earte’s Kollagraph failed to show any important differences in surface 
tension of solders ranging in tin content from 63 per cent. down to 18.5 
per cent., but it seems likely that was due to the steep temperature gradient 
which existed in the plates under test. Under practical conditions there is 
generally a fairly steep temperature gradient and the depth of penetration 
of the solder into the joint will mainly be govetned by the extent to which 
eutectic is available for the filling of the joint. 


§ 7. THE STRUCTURE OF THE BOND IN SOLDERED JOINTS 


(a) Compound Formation 


It has already been mentioned that there forms between the solder and the 
metal which is soldered a layer compounded of tin from the solder and 
the metal of the solid surface. Although there is lead in solders this metal 
does not form compounds with iron, copper and zinc, for example, and it 
merely serves to dilute the tin which is present so that, at any rate on copper, 
less of the compound is formed than if the tin were there alone. The entire 
surface of the metal becomes covéred with the compound but the thickness 
is less when lead is present, presumably because the tin has to diffuse 
through a leady mass’in order to reach the surface of the metal. The 
compound layer is the link eventually between the solder and the solid 
surface; the strength of the bond, or the adhesion, is dependent upon 
the physical characteristics of the compound, such as its thickness, its 
crystal size, structure and orientation, and its tensile strength. 


(b) Adhesion without Compound 


These factors will be considered, but first it must be stated that CuapwIck 
has shown £ that excellent adhesion can be obtained between lead and copper 
although lead forms no compound with copper: the adhesion is comparable 
in amount to the strength of the lead itself. In order to obtain wetting and 
adhesion between copper and lead, it is necessary to clean the copper 
thoroughly and carry out the melting of the lead and subsequent heating 
in an atmosphere of hydrogen and preferably at temperatures upwards 
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of 500° C; when resin or a halide flux is used, LATIN found that spreading 
occurred at 350° C or higher. 


§ 8. NATURE OF COMPOUND LAYERS 


The compounds which form between tin and other metals have been the 
subject of much study and, generally, are known for equilibrium conditions 
but not necessarily for the very much shorter times which suffice for the 
making of soldered joints. 


(a) Zin-Iron Compounds 


The equilibrium diagram of the compounds which form between tin and 
iron has been worked out by PreEcr and Epwarps, and Jones and HOARE ® 
have elaborated further details. From this work it appears that with fairly 
high tinning temperatures, such as are met with in the manufacture of 
tinplate by dipping steel sheets into molten tin for a second or two, there 
is formed a layer of the compound FeSn,, the thickness of which is generally 
of the order of about 0.00001 inches (0.00025 mm) and once this layer has 
formed the growth in thickness is slow; the first formed compound acts 
as a barrier to the diffusion of the two metals. Increasing the time of contact 
at the tinning temperature by several times makes very little difference to 
the thickness. One contributing factor in this is that the tin-iron layer is 
only very slightly soluble in the tin so it is not washed away or removed 
from the iron surface. The tin-iron layer is extremely hard and brittle and 
would possibly form a very weak and unsatisfactory bond between the 
very ductile tin or solder and the harder, but still ductile, steel or iron. It 
is fairly certain, however, that there are extremely thin transition layers 
between the compound and metals on each side of it; on the iron side there 
is some FeSn and on the tin side there is a layer of tin which is saturated 
with FeSn,. The strength of the bond between each adjacent pair of phases 
would, therefore, affect the joint strength but although direct measurement 
of these bond strengths has not been made, the evidence of the fracture 
surfaces shows that the weakest of them all is the compound FeSng, since 
joints break in this layer and not on either side of it *. 


(b) Tin-Copper Compounds 


The bond between copper and tin or solder is similarly through a layer of 
compound, which Dantes identified ® as mainly Cu,Sn,;, with a much 
thinner layer of Cu,Sn between it and the copper (Fig. 156). CHapwick 
found ¢ that prolonged heating at 500° C gave rise to yet another layer 
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between these and the copper, namely, Cu,Sn (or Cug,Sng), and there is no 
reason to suppose that the full range of compounds which can form under 
equilibrium conditions between the two metals at this temperature is not 
represented. Again the question arises as to the relative strengths of the 
bonds between these adjacent pairs of phases, but there is no direct infor- 
mation about them; joints between the solder and copper appear to break 





Fig. 156. Alloy layer between tin and copper after tinning for 
30 seconds at 450° C. Tin (dark ground) above Cu,Sn;, then Cu,Sn, 
and copper beneath (x 1000). 


in the Cu,Sn, layer, but this is always far thicker than any of the others 
and it would be difficult to detect traces of the extremely thin layers of 
other compounds. 


(c) Solubility of T: in-Ci opper Compound in Tin 


DanteLs emphasised that the compound layer formed in tinning copper 
breaks up continually and dissolves slowly in the molten tin. When the 
temperature of tinning is low and the duration of it is short, almost all the 
compound formed is concentrated close to the copper and there is a coating 
of substantially pure tin above this. With higher temperatures and longer 
times of contact at tinning temperatures, there is present tin-copper eutectic 
having the melting point of 227° C and containing 0.7 per cent. of copper; 
later on crystals of Cu,Sn; separate from the liquid phase. Danrets thought 
the presence of these crystals in the molten tin and at the surface of the 
copper might prevent any tendency to de-wetting and could therefore 
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reduce de-wetting of the coating but the practical difficulty arises that they 
may cause the coating to be gritty in appearance. 

On brass the compound layer forms rapidly due to the ease with which 
the zinc constituent dissolves in molten tin and the correspondingly more 
rapid attack of the copper at the same time. In one respect this action is 
beneficial 24, since it increases the creep strength *? in the solder but the 
joints may fail through their brittleness during cooling down to room 
temperature. 


(d) Compound Growth in Joints 


SWANGER and MaupINn examined *! the changes which occur in soldered 
joints during long storage at elevated temperatures. The joints were made 
between copper tubes soldered into copper sleeves as in ordinary domestic 
hot water systems and they were maintained at 250° C for periods up to 
one year. With 50/50 tin-lead solder there was a continued growth of 
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i i vi inte allic compound in a 
. 157. Photomicrographs showing the growth of intermeta 
Stieced copper joint anid at 250° F (121° C) for one year (SwWANGER and Maupin). 


igi ture (b) Structure of the same 
“ “ts amend : joint after 7,500 hours at 


2507 F (121° @). 

tin-copper compound, both Cu,Sn; and Cu;Sn being formed. These 
crystals were sufficiently large for tests of their KNoop hardness to be made 
on them and values of 200 were obtained, as compared with 22 for the 
original solder without any compound in it. The joints as would be expected, 
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therefore, were very brittle and ruptured under tension, whereas freshly 
made joints with very little compound in them stretched under load without 
breaking. The formation of the tin-copper compound, continuing for so 
long, reduced the tin content of the layer of solder between the copper 
surfaces and as can be seen from the photomicrographs the proportion of 
lead was much higher than in the beginning of the tests (Fig. 157). 


§ 9. ADHESION OF ANTI-FRICTION ALLOYS TO TINNED SURFACES 


A type of bond that resembles a soldered joint is that between a tinned 
metal shell and a lining of anti-friction alloy. The chief point of difference 
is that the anti-friction alloy is applied in the liquid state instead of as a 
solid. The shell, usually of steel or bronze, is first tinned, preferably with 
pure tin but sometimes with a tin-lead solder, and then the molten alloy 
‘is cast in position on to the heated shell and allowed to solidify 2”. The 
anti-friction alloy may be based mainly on tin, with about ten percent of 
antimony and copper, or it may contain any proportion of lead up to about 
75 per cent., with rather higher antimony than in the tin-base alloys; all 
the alloys, however, are miscible with the tin of the tin coating on the shell. 
Pouring of the alloy is carried out at a temperature of around 430° C, og 
higher in the case of the lead-base alloys. The duration of the cooling is, 
therefore, considerably longer than in soldered joints and as the rate of 
formation of compound is also increased at higher temperatures there is. 
generally more compound formed than in soldering. 


(a) Segregation of Tin-Copper Compound at the Bond 


The presence of copper to the extent of two or three per cent in the anti- 
friction alloy, that is to say, well above its saturation limit in the tin con- 
Stituent, is productive of crystals of CugSn,; which may segregate at or 
close to the bond for two reasons 12, 13, Firstly, because it is usual to arrange 
matters so that cooling begins ftom the outside of the shell and thereby 
ensure that the solidification begins on the shell and proceeds into the 
anti-friction metal. This ensures that shrinkage voids will occur not at 
the bond, where they would reduce the area of adhesion, but will be 
situated on the inner side of the lining where metal is going to be removed 
during the final machining. The tin-copper compound being of high melting 
point, about 415° C, crystallises first and is largely precipitated on the shell, 
therefore (Fig. 158). Secondly, in some cases the casting is carried out 
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centrifically in order to obtain a more dense product, and because the 
Cu,Sn, is a heavy constituent it is concentrated towards and at the bond. 





Fig.158. Whitemetal above bronze showing layer of Cu,Sn, deposited 
on the bond (x 500) (ForrEsTER and GREENFIELD). 


(b) Failure in the Bond 


FORRESTER and GREENFIELD found that the compound at the bond of an 
anti-friction alloy cast upon a tinned steel base was FeSn, and was usually 


ia g 
, tw ‘ ~— 





a ee 


Fig. 159. Chain of CugSn, crystals deposited from whitemetal containing 
7% Cu. The crystals are located upon an abnormally hick layer of FeSn, 
produced by tinning for 1 hour at 450° C(x 400). 
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so thin that it had little or no effect upon the adhesion. On the other hand, 
holding at casting temperature or lower for some hours caused the FeSn, 
layer to grow in thickness (Fig. 159) and the crystals themselves to grow 
coarser, and the effect was to decrease the bond strength. On a bronze 
base the compound was mainly Cu,Sn,, present as large needles which 
caused marked brittleness. In a series of tests of adhesion of white anti- 
friction metals to steel or bronze shells, ForrEsTER and GREENFIELD found 
failure in the compound layer in the bond but never in the anti-friction 
alloy itself. 


(c) Factors Affecting Bond Strength 
(i) Temperature 


PRYTHERCH *? studied bond strengths for a number of anti-friction alloys, 
bonded to steel and copper, over a range of test temperatures up to 150° C. 
He noted the tendency for a strong bond at the end of steel test-pieces to 
result in a failure in the anti-friction metal rather than in the bond, and he 
avoided this by bonding the rods to the ends of 
cylinders of anti-friction metal of greater diameter 
than the rods themselves (Fig. 160); when such 
assemblies did fail in the alloy they pulled out a cone 
of the alloy. At room temperature with test pieces 
of this shape, he obtained the remarkably high bond 
strength of 9.5 tons per square inch as compared 
with 5.8 tons per square inch when the steel rod 
Fig. 160. Composite for 29d attached alloy were of the same diameter 
bond testing. Tensile (Table 63), 
dar ae a Matec PRYTHERCH found that temperatures of 350° C, 
(A) greaterthan,and(B) or higher, in the bath of molten tin in which the 
equal to, that of steel. ; : 

shells were pre-tinned, were necessary in order 





a b 

















TABLE 63 
Type of Specimen Ban alco strengen 
tons/sq.in. 
: = 

20 
Rod on cylinder of larger 50 7 
diameter 100 5.5 
150 3.8 

20 
Rod on cylinder of same 100 48 
diameter 100 3.6 
200 2.3 
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to obtain the strongest bond and the dipping time requisite was only 
15 seconds; on the other hand at 300° C, as much as 30 minutes dipping 
time was needed to obtain the best bonds. Tests with a variety of surface 
finishes on the steel, namely, fine metallurgical finish, fine machined finish, 
coarse machined finish and second-cut file finish, showed that the surface 
finish was practically. without influence on the adhesion. 


(ii) Thickness 


The influence of the thickness of the free-tin portion of the coating appeared 
to be also negligible, for specimens with obviously thick coatings were not 
different from those with thin coatings; the excess of tin merged harmlessly 
with the bearing alloy in these cases. 


(iii) Influence of Flux Type 


The effects of four active (chloride) fluxes were compared but no differences 
in adhesion were detected; the fluxes were: (i) fused zinc chloride at 300° C, 
(ii) fused zinc chloride-ammonium chloride (eutect mixture) at 300° C, 
(iii) 50 per cent. zinc chloride aqueous solution applied cold, and (iv) cold 
stannic bromide. 


(iv) Influence of Cooling Time 


The time of cooling was important and the best bonds were those which 
were quickly cooled. Cooling from 500° C in 15 seconds gave bond strengths 
of 8.9 tons per square inch, and from 350° C gave 8.8. tons per square 
inch, but with cooling time protracted to 1 minute 45 seconds the corres- 
ponding figures were 7.5 amd 7.0 tons per square inch. 


(v) Influence of Tinning Medium 


Prytherch also investigated the effects of various tinning media on bond 
strength with the following results: 

(a) Chempur tin: 9.0 tons/sq. inch. 

(b) the anti-friction alloy used for the subsequent lining: 8.2 tons per 

sq. inch. 

(c) 50: 50 tin-lead solder : 8.5 tons per sq.inch. 

(d) cadmium electroplate : 6.3. tons pet sq.inch. 
The tests were made at 15°C. It is seen that the pure tin is easily the strongest 
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bond, with the anti-friction metal itself as second best; the values obtained 
with the tin-lead solder and the cadmium were much more erratic. 

When the end of the rod was not tinned prior to pouring the anti-friction 
alloy but merely brushed with flux, the adhesion was only 7.0 tons per 
sq.inch, as compared with the 9.0 tons per sq.inch with the pure tin coated 


ends. 


§ 10. THE EFFECT OF THE RATE OF COOLING ON THE ADHESION 


The cooling period after soldering may be divided into three parts: 
(i) from soldering temperature to the liquidus of the solder 

(ii) from liquidus to solidus 

(iii) from solidus down to room temperature. 

(i) During the first portion of the cooling time the reaction between 
the tin and the basis metal continues with the formation of compound. 
The compounds, such as FeSn, and Cu,Sn, have melting points much 
above the normal soldering or tinning temperatures, and, therefore, as 
they form beyond the capacity of the molten tin to hold them in solution, 
they separate as crystals and deposit at the interface between the solder 
and the metal base. Growth of these crystals is slow in the case of the tin-iron 
compound, as Hoare found 1’, and when soldering is carried out expediti- 
ously they are of small size and they do not appreciably embrittle the 
bond 18, When, however, the temperature is maintained in this region for 
some minutes there may be a very decided thickening of the layer of 
compound and a coarsening of the crystal size with noticeable loss of 
resistance to shock, so that in the event of fracture, this occurs in the 
crystalline compound layer. In the case of joints between copper or brass 
members, the growth of the compounds is much more rapid and the 
embrittling effect is therefore apparent much more quickly. 

(ii) During the second portion of the cooling period, the highest melting 
constituents in the solder crystallise first at the bond, since cooling begins 
always on the outside. Provided that the joints are thin, the separation of 
these high melting constituents, which are rich in lead, is not important 
because the cooling occurs too quickly, but when the joint has been made 
on a massive piece of metal which holds the heat well, the segregation may 
develop until there remains insufficient of the remaining liquid eutectic 
material to fill the spaces or voids which thermal contraction of the coarser 
crystals produces, and, at the same time, to fill the middle space in the joint. 
The consequence in this case is that voids may arise in that space and cause 
unsound joints which fail under test in the incomplete solder layer 2’. 
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(iii) During the third stage, in the total absence of a liquid phase, the 
rate of reaction and of compound formation is very much slower and the 
effect due to diffusion is, in the few seconds normally required for the 
making of a joint, too slow to have any pronounced effect. The most 
important factor during this period is the disparity in the coefficients of 
thermal contraction of the solder and the basis metal. The coefficient in 
the case of pure tin is 24 x 10~§; for 60/40 tin-lead solder it is 27 x 1078; 
for 30/70 tin-lead solder it is 29 x 10~*; for pure lead it is 31 x 107%. In 
the cooling range of solders, the corresponding coefficient for mild steel 
is only 11 x 10~*, for copper it is 16 x 1078, and for common brass it 
is 20 x 107%. 

It is plain, therefore, that great stresses may arise due to these differences 
in the contraction of the solder and the metal of the joint unless they can 
be relieved simultaneously by creep in the solder 7. The creep strength of 
tin-lead solder is low, especially immediately below the solidus, and there 
is plastic flow until the stress is negligible. In solders containing a small 
percentage of antimony, the antimonial solders of commerce, for example, 
the creep strength is considerably higher and the risk of failure during 
cooling of copper, and particularly brass, parts is often serious *. The 
risk to joints upon brass or zinc surfaces is considerable even with the tin- 
lead solders because of the presence in these joints of crystals which are 
much more coarse than in zinc-free joints. When antimony is present in 
the solder used for brass or zinc-containing surfaces, the risk of failure is 
increased by the coarsely crystalline compound formed between the 
antimony and the zinc. Failures of this type occurring during the final 
stage of cooling are termed “hot-short”. 

Similar considerations apply in the case of anti-friction alloys bonded to 
steel shells; the stronger the alloy and more resistant to creep, the greater 
the stress and the liability to fail during cooling. PELL-WALPOLE mentions?” 
that alloys hardened with cadmium were liable to crack away from the 
shells during cooling, while alloys free from cadmium were cooled at the 
same rate without danger of cracking. 


§ 11. srRENGTH OF SOLDERS AND OF SOLDERED JOINTS 
(a) Solders in Bar Form 


The strength of solders in bar form is related to the cohesion in the solders 
but affords no indication of their adhesion to metals. NIGHTINGALE and 
Hupson * gave figures for the strength of solders in bar form and also for 
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the strength of joints made with these solders on copper brass and mild 
steel. In order to show the infiuence of antimony figures are given (Table 64) 


B.S.Grade A B c O 


kg/cm? 

500 
3.0 
25 400 Joints 
i between 

copper 

20 300 members 
: \ be 
1.0 


Joints 
between 
brass 
members 


Shear strength in tons /inch* 


Joints 
between 
mild steel 
members 





10 
Tin BS Grade A See 'G D 


Lead 


Fig. 161. The effect of solder composition on the shear 
strength of soldered joints. Full line, tin-lead; dotted line, 
antimonial. 


TABLE 64 


for a range of sol- 
ders in which six 
per cent. of tin was 
substituted by anti- 
mony, this amount 
being just within the 
solubility of this 
element in tin. The 
non-antimonial sol- 
ders were made from 
pure tin and pure 
lead and were con- 
sequently more duc- 
tile than commercial 
solders would have 
been (Fig. 161, 162). 


(b) Strength of Soldered 
Joints in Tinplate 


McKEown ”* gives 
results of tests of the 
strength of lap joints 


INFLUENCE OF ANTIMONY ON STRENGTH OF JOINTS 


(Values in Tons per sq. inch) 















per cent. Bar solder pa be 
Tin Anty: Tensile | Shear Brass | Mild Steel 
100 — 0.94 1.28 1.90 1.05 1.58 
94.5 5.6 2.81 2.86 2.99 | Pe 2.80 
66.1 — 3.43 OY BF 2.82 1.39 2.42 
59.4 3.6 4.42 3.07 a.73 1.39 2.16 
56.1 — 2.95 2.79 2.49 225 1.98 
50.2 3.0 3.75 3.06 3.02 2.20 2.38 
44.8 — 2.65 2.33 2.68 2.07 2.49 
40.0 2.45 3.55 2.64 3.02 2.11 1.78 
33.7 — 2.87 2.13 2.05 1.67 2.33 
30.1 bee 3.29 2.19 2.34 1.67 2.01 
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(a) (b) (c) (d) 


Fig. 162. Top: Constitutional diagram of the tin-lead allous. Bottom: Photomicropraphs 

of various solders. The black areas in (a) and (b) show lead embedded in eutectic 

solder; (c) is entirely eutectic and (d) shows eutetic as darker material embedded 
in pure tin. 
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when pulled ina ten sile-testing machine in which the rate of movement of the 
head, that is the rate of extension, was 0.5 inches per minute. For thin material 
such as tinplate of 0.011 inch thickness or copper and brass strips of 0.036 
inch thickness, the action 

of pulling deformed the 

Saree be strips as shown in Fig. 

163 (b) and instead of the 
solder failing by pure 
shear, there was also se- 
paration of the solder 


Tinplate 


Nichrome strip 


c 
Solder from the strips. With 

thicker, stiffer strips, the 
Nichrome strip shear effect increased and 
G higher figures for strength 


were obtained. 
The results for various 
a b tin-lead solders on tinplate 
and other metals are given 


Fig. 163. Tensile Test for Lap Joints in Table 65. 


(Mc Keown). 


TABLE 65 


TIN-LEAD SOLDERS ON TINPLATE 0.011 inch 
Breaking loads in lb. 




















Percentage of Tin 
100 | 63 50 40 30 | 20 
Tinplate (0.011’’) 290 | 325 315 320 295 | 265 
Copper (0.036’’) 300 340 342 342 335 280 
Brass B.S.S. 265 ae =P. 360 385 380 = 
(0.036) 
BrassB.S.S.267(0.036'’)|  — es | 405 405 400 = 








(c) Creep Strength of Soldered Joints 


The maximum load which a soldered joint can sustain indefinitely is much 
less than that which is necessary to cause immediate failure. Investigations 
of creep failures in soldered joints have been made by Gonser and HEATH, 
by Baker and by McKEown %, and it is established that a stress of only a 
few hundred pounds applied for a month or less will cause failures. These 
failures occur in the solder between the alloy layers, not in the alloy layers 
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themselves, and they indicate nothing therefore about the shear resistance 
of the bonding layers or the strength of the adhesion between the solder 


and the basis metal, except that it is greater than the creep strength of the 
solder itself. 


60 
-~ 
Cc 
2 40 
z @Lead-tin 
= Saar 
= 20 ender x Lead- tin- antimony 


Argent non-antimonial 


OArgent antimonial 





0 20 40 60 80 100 120 140 160 180 
Life in days 


Fig. 164. Life tests on lap joints in tinplate at 700 Ib/in? at 20° C. 


Fig. 164, due to McKeown, shows curves of life tests on lap joints in 
tinplate maintained for the periods stated under a steady load of 700 Ib 
per square inch. Fig. 165 shows the breaking stress on similar joints in 
stepped loading tests. In these tests, an initial load of 700 lb. per square 
inch was applied and each day increased by 20 lb. until fracture occured. 
The superiority of the eutectic solders is evident. Fig. 166 shows the results 
obtained at 100° C to be considerably lower. 

Baker ! found creep values of joints in steel to be lower than in copper 
and much lower than in brass; failures all occurred in the solder and the 
differences are attributed to the absence of appreciable alloy formation in 


Breaking stress kg/cm* 
50 60 70 80 90 100 110 
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Fig. 165. Stepped loading tests on lap joints in tinplate at 20° C. 
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the first case as compared with the copper and the brass. The thickness of 
the joints in both BAkEr’s and McKEown’s tests, 0.006 inches and 0.008 
inches respectively, was greater than is usually recommended for practical 
purposes, namely, 0.003 to 0.005 inches. This fact favours creep in the 
solder layer, for in thinner joints there would be greater contamination 
of the solder layer by the basis metals. 
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Fig. 166. Stepped loading tests on lap joints in tinpiate at 100° C. 


Solder 
fillet 





Solder film 


B 
0.008” thick 


Fig. 167. Diagram of 
CHADWICK Tearing Test of 
Soldered Joints. 
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CrHADwick ‘ devised a tearing test for solders 
(Fig. 167). Two inch-wide strips of tinplate were 
bent at right angles, placed “back to back” 
with one side touching and were then soldered 
with the flux and solder, under investigation. 
The free ends of this “T’-shaped specimen, 
(that is, the horizontal cross-bar of the “T”) 
were then. pulled apart slowly. When the adhe- 
sion to the two strips was equal, the solder was 
torn through its middle layer and half of it was 
left on each strip. This was the case with solders 
of very low tin content, less than 20 per cent. 
When the solders contained more tin than this, 
the solder detached from one surface of tinplate 
and was left almost entirely upon the other surface. 
The stiffening of the thin tinplate strip in this way 
caused this strip to bend to a much larger radius 
of curvature than the other and the joint had the 
shape shown in Fig. 168. From this fact it is 





11 STRENGTH OF SOLDERS AND OF SOLDERED JOINTS 


461 


apparent that the stiffness of the strips has much influence on the 
results obtainable in such a test. Further, it is obvious that if perfectly rigid 
strips were used, they could not bend and the strength of the whole 
soldered section would come into play. If we assume that the strips have no 
stiffness at all of their own before being soldered, we must expect that the 


formation on them of tin- 
metal compound crystals 
must impart some stiffness 
which must increase as the 
amount of compound grows 
at soldering temperature. 
Apart from this stiffness due 
to the compound, there is 
only the force of adhesion at 
each surface and of cohesion 
in the solder between to be 
overcome, but as any force 
applied is resisted only by 
a single layer of atoms at 
any instant no measurable 
force will be required to 
separate them. On the face 
of it, therefore, the test can 
tell us nothing about the 
strength of adhesion of 
solder to a soldered surface. 
Nevertheless, by standard- 
ising on metal strips of con- 


50 


40 


30 


0 20 40 60 
Tin per cent 


x 

3 H.C. tough pitch copper tests 
~ oo 24 hours after joints made 
c 

Rd 

= o—e Lead-tin 

+=} »—+* Lead-tin- antimony 
9 70 o— Lead-tin-silver 

as O—c Lead-tin-silver-antimony 
z 

oo 

be 

>, 00 

v 

~ 

2 

w 





Steady tearing load kg/cm width 


80 


168. Tests on CHADWICK-type joints in 


copper, 0.018 in. thick. 


sistent thickness and stiffness and other characteristics, it is 
possible to demonstrate a relationship between the “steady 
tearing load” per inch of width and the composition of the 
solders. Results of tests by McKrown are shown grafically in 


Fig. 169. 


Fig. 169. Behavior of solders rich in tin during CHADWICK tearing test. 
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CHAPTER 9 


THE PHYSICAL TESTING OF ADHESION 
AND ADHESIVES 


N. A. DE BRUYNE 
Aero Research Limited, Duxford (England) 


§ 1. THE SIGNIFICANCE OF TESTS 


Physical tests of adhesives are of two kinds—1) ““End-use” tests in which 
an attempt is made to assess the performance of the adhesive by inspecting 
and testing representative joints previously subjected to some scheduled 
treatment which may be, for instance, conditioning at room temperature 
or exposure to the weather for months or years; (2) “Production control” 
tests intended to assess the uniformity of the characteristics of the adhesive. 
“End-use” tests are described in § 2 and § 3 of this chapter and “Production 
control” tests in § 4. 

It is the author’s experience that the value and significance of any test 
can easily be over-emphasized; great care should be taken in drawing: 
sweeping conclusions from the results of a laboratory test. Thus if adhesives 
are placed in order of merit according to their performance in a lap joint 
test, it will be found that the order of merit may be quite different when 
determined by a peeling test. A test is an abstraction from reality in which 
the relation between two variables is singled out for examination, and while 
almost a truism it is sometimes forgotten that there are many factors (not 
all of which are yet amenable to precise laboratory testing) that must be 
taken into account in arriving at a true overall estimation of the value of 
an adhesive. 

It is perhaps hardly necessary to emphasize that the results of a single 
determination are usually of little significance. However carefully a 
measurement is planned and executed it is impossible to keep control of 
unwanted variables. Hence all test results are subject to error. In so far 
as these errors are of a random as distinct from a constant character they 
can be reduced by repetition of the tests and taking a mean value, and 
wherever possible “control” tests should be made. Thus if it is desired to 
examine the resistance of joints to boiling water it is advisable to test some 
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of the joints before immersion in boiling water to ensure that no mistakes 
have been made in, for example, the mixing of the glue. If, as in most tests 
to destruction, the scatter is considerable, then a more comprehensive 
statistical analysis can be very helpful in arriving at the probable truth. But 
the methods of statistical analysis do not relieve the experimenter from the 
responsibility of weeding out results that he knows to be wrong, and in 
the words of Sir Harry Rrcarpo}, “Before you accept the reading of any 
instrument, put it through the following test, “Is it probable, is it reasonable, 
and does it accord with your common sense?’ ” 

The methods of statistical analysis constitute a specialised study outside 
the scope of this book and the purpose of this note is to review briefly what 
has been done in their application to tests of the strength of glued joints. 

Histograms of strength of plywood joints have been published by 
BITTNER? and of joints made with assembly glues by Aero Research 
Limited 3. These indicate that 
the distribution is a normal 
one but in so far as nearly all 
the fractures take place in the 
wood in such tests if suitable 
synthetic adhesives are used, 
the effect of variations in 
5 glue quality are slight though 
sometimes statistically signi- 
ficant. Thus with urea-for- 
maldehyde resin and hardener 
a significant and positive 
correlation was found bet- 
ween the strength of joints 
tested dry and wet; #.e. a glue 
and hardener giving strong 
5 wet joints usuallly gave 

strong dry joints and vice 

versa. Tests of metal-to-metal 

joints give more precise 

information as it is possible 

1400 1600 1800 2000 2200 2400 2600 using suitable metals of suffi- 

Fig. 170. Histogram showing distribution of shear ce thickness a ; ea 
tests on “Araldite”, rupture in the adhesive. Fig. 


170 shows a histogram of 
205 tests of joints made with “Araldite” Type 1 using lap joints of 20 
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S.w.g. strips 1 inch wide with } inch overlap in aluminium alloy to 
specifiation D.T.D. 610B. 

An important application of statistical analysis is to determine the 
minimum number (#) of tests required to establish significant differences 
between means (e.g. between means of control samples and of treated sam- 
ples.) Thus for a coefficient of variation of 15% as shown by the above 
tests of ‘‘Araldite” and assuming a 1 in 20 level of statistical significance, we 
can derive the following table ¢: 





Difference between means of: | Minimum number of tests 
5% | rp 
10% 18 
20° | 7 





This table shows, for instance, that if the means of the control and 
experimental tests respectively differ only 5% from the mean of all the 
tests, then this difference can only be regarded as significant if at least 72 
experimental and 72 control tests have been made. 

In the use of metal-to-metal adhesives in aircraft construction statistical 
analysis in the form of “Quality control” is of value in inspection and in 
maintaining a high standard. 


§ 2. TESTS OF JOINT STRENGTH 


(a) Tension Tests 


At first sight the fundamental as well as the simplest test of the strength 
of a joint would seem to be a tensile test in which the two adherends, for 
example in the form of rods, are cemented together end to end and then 
pulled apart by a tensile force along their common axis. 

Unfortunately the stress distribution at the interfaces and in the adhesive 
will only be uniform in the special case where both adhesive and adherends 
have an equal lateral contraction under tensile strain. In the elastic region 
this means that adhesive and adherends must possess the same values of 
elastic constants, and in practice this will never occur. 

The non-uniformity of stress distribution in such tensile tests manifests 
itself in various ways. It can be clearly demonstrated photoelastically and 
is probably the main cause of the change in breaking load that occurs as 
the thickness of the adhesive is varied, as shown in Fig. 171 Bete 
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Usually the adherend contracts laterally much less than the adhesive but 
since the adhesive is firmly anchored to the adherends its lateral deformation 
will be restrained * °. This restraint will be most effective at the adhesive- 
adherend interface and will decrease as the distance from the interface 


increases. 


Bond strength in tension, psii- 


G 002 004 0.06 0.08 





«6 — Bonds formed at 200 oc 
* 240°C 
* 280°C 


0.10 012 014 0.16 018 


Bond thickness, inches 


Fig. 171. Variation of tensile strength with thickness of adhesive.] 


A test approximating to a tensile test has been used in Germany. It was 


devised by RupDELOFF! and consists 
in forcing apart two thick pieces of 
wood glued crosswise edge to edge as 
shown in Fig. 172. 

The Forest Products Laboratories 
of Canada have recommended a ten- 
sion test for plywood in which the load 
is applied through maple blocks pre- 
viously cold-glued to a piece of plywood 
1” by 1” in area 11, 

The A.S.T.M. have a standard 
D897—49 for tensile tests on adhesives 
for wood and metal using test grips 
and adherends of the shape shown in 
Fig. 173. A somewhat similar type of 
test for vulcanised rubber to metal 
is described in A.S.T.M. D429-39; 
A.S.T.M. D952-48T describes a test 
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Fig. 172. RupELOFF’s tensile test for 
wood joints. 
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of bond strength of laminated plastics by applying a tensile force to a 
specimen glued with “Redux” between two metal blocks. ScHMrpr ae 
has proposed a test of paint adhesion in which a small block of wood is 
cemented to the paint film and the force required to pull off the block is 
then measured. A test has been proposed for measuring the strength of 





0.798"+ 0.005” 1.129"+0.005” 






* diam. “ diam. 
2% diam: 1'%Ae diam: " 

fate oe 
3/6 ye a" 1| Vo | 

; TH= Tr ae 
“ LP Hf Ty “48 | | 

he % 77) 
| Wood specimen Metal specimen 
aa (hard maple) 
| 3"| gh Tests specimen 


Corrosion preventive finish 
test Grips (cold rolled steel) 


Fig. 173. A.S.T.M. tensile test for wood and metal joints. 
Note.—Surfaces of metal specimens shall be ground flat and parallel. It is 
preferable to grind all metal specimens at the same time. 


electro-deposited coatings * in which a lug is soldered to the plating; 
unfortunately the heat produced in the soldering alters the strength of the 
bond between the plating and the base metal; possibly the use of a modern 
synthetic adhesive would be more satisfactory. 

Wax pick tests are used for assessing coated papers ). 

Moses and Wirr!* have tested the adhesion of films to adherends by 
inertia tensile forces due to ultrasonic vibration producing accelerations 
exceeding 200,000 times that of gravity. 


(b) Shear Tests 


A variety of tests have been devised in which the forces applied tend to 
make the adherends slide apart; while it is possible, as described below, 
to apply a pure uniform shear to a joint, nearly all the tests at present used 
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give rise to a non-uniform shear stress generally accompanied by forces 
at right angles to the plane of the adhesive. 


(i) Lap joints under tensile load 


A very common test of an adhesive is to pull apart two pieces of wood 
joined by a lap joint. BS 1204: 1945 describes the types of lap joint, made 


of slips of ; inch thick beech veneer, for testing close contact and gap 

joints respectively. The dimensions are shown in Fig. 174. The purpose of 

the gap joint is to assess the performance of thick layers of adhesive such as 

frequently occur in practice. Full details of conditioning in air and in water 
and of testing are given 
in BS 1204: 1945. 


Fg a a": | Similar tests of metal- 
a to-metal adhesives are 
0.125" described in DTD 775 

Close contact lap joint specifying lap joints 1 inch 


wide with a 1 inch overlap 
in 20 s.w.g. “Alclad”. 

Adhesives for plywood 

, are tested with a specimen 

Joint with gap .05 thick having a three ply struc- 

Fig. 174. Close contact and gap joints according baressns willetis te oe 

to B.S. 1204. of the centre veneer cros- 

ses that of the two outer 

veneers. American, British 

and French test specimens 

are shown in Fig. 175. 





facmemmeets Serr re Vg Birch veneer 
r 





| ape +1" om The behaviour of these 
; Meee: . Specimens under load is 
1401 demonstrated in Fig. 1761” 
(see also Chapter 4, § 9, 

; Lin + : for the mechanism of the 
[Bs 1203-1945) failure). It would appear 


15 ° e 
Jase eS 5-——475_—] that the influence of jaw 


constraint might be appre- 
ciable in the American 
(Afnor. N.F.B. 51-012] specimen in view of 


Fig. 175. Plywood adhesive test joints used in U.S.A., its comparatively shoag 
England and France. length. 


=e 
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The results of tests of the adhesion between the veneers of factory 
made plywood will depend upon the thickness and number of plies. 








Tests of three-ply may 
be made by cutting from 
the sheet specimens similar 
to those shown in Fig. 
177 which are illustrative 





Fig. 176. Deformation of plywood adhesive test joints. 
Above American and British test specimen; below 
French test specimen. 


of American and 
German practice. 
The adhesion be- 
tween rubber in a 
tyre and the cord 
reinforcement has 
been tested by mea- 


suring the force required to pull a single cord in direction of its axis 
from a strip of rubber in which one end of the cord over a given length 
is embedded. Thus the quantity measured is a shearing force acting across 
the cord to rubber surface. (Study of the H Test for Evaluating the 
Adhesive Properties of Tire Cord in Natural and G.R.S. Rubbers 38). 
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The adhesion of 
gummed tape is fre- 
quently measured by 
an apparatus originally 
devised by McLAurRIN”®” 
and modified by 
HARNDEN ”°. The pro- 
cedure is described in 
T.A.P.P.I. . Tentative 
Standard T463 m-43 7}. 
The gummed tape is 
subjected to a strain 
simulating that produ- 
ced when the two flaps 
of a corrugated board 
box after sealing endea- 
vour to spring back 
into the open position. 


Fig. 177. Tests of adhesion 
in plywood. 
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Hoekstra and Frirzius * have devised a test of the shearing strength 
of a paint film applied 
to the upper surface 
of the three pieces of 
metal shown in Fig, 
178 while they are rig- 
Fig. 178. Shear test of paint film devised by Hoexstra idly clamped together 

BERS Shee, by the screws. The 
film is tested by removing the screws and applying loads tending to slide 
the central strip from between the two outer blocks. 





£ 


Lu) 


Mean falling shear stress 
in kg/mm? 
@ 


—s 











0 2 4 6 8 0 2 14 16 18 20 22 24 26 28 30 


Length of overtap in mm 


Fig. 179. Variation of apparent shear stress with overlap for 1 mm and 2 mm sheet. 
Tests on simple lap joints of “Alclad” made with “Redux” (Nationaal Luchtvaart 
Laboratorium, Amsterdam, Report No. M 1275, Fig. 11, 1948). 









o 
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*1mm alclad 
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The joint factor vs/t {s and tin mm} 
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Mean failing shear stress 
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as 
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Fig. 180. Apparent shear stress plotted against joint factor. Tests on simple lap"joints of 
Alclad” made with “Redux” Nationaal Luchtvaart Laboratorium, Amsterdam, Report 
No. M 1275, Fig. 15, 1948). 


References p. 491 





2 TESTS OF JOINT STRENGTH 471 
(it) The joint factor 


In all tensile shear tests the thickness of the adherends, as well as the 
overlap, influences the apparent shear stress at rupture. For a given glue 
and given adherends the author has found it useful to plot the apparent 
shear stress at rupture against a parameter called the “joint factor” (see 
Chapter 4) which is the square root of the thickness of the adherend divided 
by the overlap. In this way one curve will suffice to cover a whole range of 
tests; Figs. 179 and 180 illustrate the utility of the joint factor 23, 


(ili) Lap joints under compressive load 


A.S.T.M. Standard D905—49 specifies a shearing test for wood under 
compressive load in a special jig as shown in Fig. 181. This test was 


7 






SSE 


Self adjusting 
bearing 


Test specimen 


fewer 


[_KS 


WS Form and dimensions of test 


specimen 
Shearing too! 





Fig. 181. Block shear test used in U.S.A. 


developed by the U.S. Forest Products Laboratory and is in principle 
similar to that described by BAUSCHINGER in 1884 4. Owing to the thickness 
of the wood specimens this test does not lend itself to tests of the water 
resistance of the adhesive. A modified form of this test, due to Dr W. D. 
Douctas, is shown in Fig. 182. It is especially useful in making a “post 
mortem” examination such as is necessary for example in determining the 
sffectiveness of radio heating in a thick laminated assembly. The test 
specimens can be cut out from the assembly where desired. 
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The effect of variation in the grain direction of the test specimen in 
shear tests has been reported in U.S. Forest Products Laboratory Report 5, 
A block shear test used by the Nationaal Luchtvaart Laboratorium 








cube 






Applied load 


Fig. 182. Block shear test devised by Dr W. D. Douctas. 
The nutrcacker device shown is useful for making shear 
tests on joints between two half cubes making a cube 


one inch square. 





Fig. 183. Shear test used by Nationaal 
Luchtvaart Laboratorium, Amsterdam. 
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of Amsterdam is shown 
in Fig. 183. 

In block shear tests 
the tearing stresses are 
not as large as in ten- 
sile lap joint tests. 
Nevertheless, as is 
shown in Chapter 4 
distribution of shear 
stress on a typical test 
specimen is far from 


Glue joint 


uniform. 
For testing solder 
the British Non Ferrous 


Metals Research Asso- 
ciation have used an 
annular compressive 
shear test. It consists 
of an outer ring into 
which is soldered a 
concentric cylindrical 
plug 6; an axial com- 
pressive load is applied and shears 
the soldered joint. 


(iv) Scarfed joints 


The scarfed joint, in view of the 
more uniform stress distribution 
obtained, would seem to be a 
better test specimen than the plain 
lapped joint. It is on the other 
hand less easy to make and perhaps 
less_ representative of practical 
conditions. 

In the scarfed joint the adhesive 
is subjected to shear parallel to the 
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glue layer plus either tension or compression (depending on the direction of 
the applied load) at right angles to the glue film. The ratio of tension or 
compression to shear will depend upon the slope of the scarfed joint 
according to the relation: 

tana = d,,/Ts, 


This relation cannot of course be interpreted too rigorously as it is derived 


} 


* Redux 

© Araldite 

xPliobond gy 

Tana =ratio of # in the glue 

I Shear stress in the glue; redux 
q* « «« = “# ;afaldite 
mTensile ~ » = «= sredux 
we. ~ oo» » » +saraldite 


~ @® 


m kg/mm? 
o kg mm?(in the glue 


fo] 





=i 3 -0 15 2 


he 0 +05 1 
Compression tan a «+ Tan a tension 


Fig. 184. Variation of shear and tensile stress in glue with angle of scarf joint. 


‘ x eRedux 
m oAraldite 
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Fig. 185. Variation of stress in adherend with angle of scarf joint. 
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from a rather crude analysis which neglects the elastic properties of adhesive 
and adherends. 

Results of tests by the National Luchtvaart Laboratorium, Amsterdam, 
are given in Figs. 184 and 185, and show that the shear stress increases 
as the tensile stress is reduced or the compressive stress increased2’. The 
shear stress at zero normal stress is about 5 kg/mm? (7000 p.s.i.) for both 
“Redux” and “Araldite”. This limiting stress is of the same order as that 
found from tests on simple lap joints at a high value of the joint factor; 

they are, however, signi- 

A es 300 ae ficantly lower and _ this 

ae may be due the difficulty 
j 10 in making long scarfed 
joints with the same con. 
trol over glue thickness 


oe and inhomogeneities as 


Fig. 186. German scarf joint for wood. DVL test is possible in short lap 
specimen. 












joints. 

The scarfed joint has been used in Germany for testing wood glues and 
Fig. 186 shows the dimensions of the D.V.L. test specimens used for 
specification tests 8. In comparing the results of tests on scarfed joints in 
wood with tests by other methods the effect of the grain direction should 
not be overlooked. 


(v) Shear by bending 


A beam in three point loading under a central load WY will be subjected 
to a vertical shearing forcelV/2 (Fig. 187). The magnitude of the longitudinal 

(horizontal) shea- 

ting stress g and 

of the equal ver- 
t tical transverse 
~®S  shear stress, at a 
point in the sec- 
tion where the 
. boundaries of the 
section are vertical for some distance, as in the web of an J beam or 
anywhere in a beam of rectangular section, is given by the elementary 
BERNOUILLI-EULER theory: 






Fig. 187. Production of shear by bending. 


VW Ay 
Ob (see Fig. 187) 





This type of loading has been used by the E.M.P.A. of Zurich ® for 
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measuring the shear strength of a glue line at the neutral axis of a beam 
both for wood and for metal to metal glues. 

Frocut *° has shown that the shear stress is not uniformly distributed 
as the above elementary formula suggests (but note that his equations 
3.36 should all be divided by two). Frocur made a photoelastic analysis 
of the shear stress in beams of rectangular cross section under three point 
loading and found that the elementary theory gives the correct value for 
the parts of the neutral axis marked by dotted lines in Fig. 187 but that 
outside these dotted positions the shear stress was less thah the value 
predicted by the elementary formula. 

It would appear therefore that the shear strengths derived from this 
type of test are likely to be higher than the true value and it is perhaps 
relevant to this that the shear strength of “Araldite” to Anticorodal Bond 
Avional M was found to be 6.75 kg/mm? (9,600 p.s.i.) which is rather 
higher than the maxi- 


mum values given by 
other tests. If apprecia- 
ble deformation takes 
place in such a test 
there will be in effect a 
shortening of the span 
of the beam. This has 
been investigated by 
WESTWATER *}, 


(vi) Tests in pure shear 


While the plain lap joint 
is widely used and is 
representative of prac- 
tical conditions of use, 
the complicated stress 
distribution and type 
of stress imposed make 
it unsuitable for eva- 
luating the fundamen- 
tal strength characte- 
ristics of adhesive and 
adherend. 
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Test piece made from two metal cups — 
| 






One cup ts bolted to 
this member 
-which 
engages with 
this lever 













Lever for 
applying torque 





Pressure applied here 

Test piece 
iv, Lever for 

applying torque 





Jig assembled 
ready for testing 
the glued joint 


Fig. 188. Production of shear by twisting. 
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A substantially pure shear stress can be produced by twisting a tube 
cemented to a concentric tube as shown in Chapter 4, § 2. A sketch of z 
practical test rig used by the Division of Mechanical Engineering of the 
National Research Coucil (Canada) is shown in Fig. 188. The base is boltec 
to a testing machine arranged for compression tests, a downward loac 
applied to the end of the lever arm produces a torque on the cup-shapec 
adherends glued together to form a tubular butt joint. The cups are 
approximately 4 inches in diameter with walls of 3/,, inch in thickness 
Tests with brittle lacquer showed that cracking at 45° appeared to take 
place simultaneously in a narrow citcumferential band divided by the 
glued joint. 

Between mild steel cups “Redux” joints have given a mean failing stress 
of 7920 p.s.i. in such a test. 


(c) Bending Tests 


MUHLENBRUCH ® has suggested that a bending test under three point 
loading be used to find the 
flexural rigidity and hence tc 
detect softening and break 
down of the adhesive ir 
multi-ply specimens  aftet 
soaking in water. The flexura 
rigidity is a function of the 
effectiveness of bonding be 
tween the veneers. 

Fig. 189 shows a German 
bending test for assessing thé 
quality of wood joints *. 





>A SESS 
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LLL Lh hhh 


SS 





(d) Cleavage Tests 


The cleavage test may 
described as a variant of th 
tensile test in which bendin 

Fig. 189. Improvised German test of joint strength forces are deliberately intr 
under bending. y 
duced at the free bound 
of the glue layer so as to tend to split the glue apart progressively. 

Fig. 120 shows a standard French test specimen for wood glues *4, Thi 
specimen is held in special claws which engage in the semi-circular grooves 

An ingenious cleavage test for testing the adhesion of surface coatin 
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has been suggested by RossMANN, WEISE and Scnusse *5, A 0.8 mm 
diameter hole is punched at the centre of a circular metal disc and this 
hole is covered with a small piece of metal foil. The surface coating is then 
applied over the metal foil and the disc; after drying the disc is fixed 1 to 
10 microns below 
a plate glass disc 
and mercury is 
forced against the 
foil underneath 
the paint film. 
The pressure ne- 
cessary to sepa- 
rate the film from 
the panel is mea- 
sured. 

The adhesion of electrodeposits* is frequently measured by a cleavage 
test due to Oxiarp **, This test was modified by HorHersALL and 


ee ie eis 1 





Fig. 190. French cleavage test for wood joints. 


to secure a more uni- 


LEADBEATER 327, ROEHL 
e- l ' 
4 * 
1% 
nee @ ae 


38 has described a 


refinement of the 
OLLARD test designed 
0.000, 
1.000-0.005 
Metal piece for use in test specimen 


Principle of 
cleavage test 


Fig. 191. A.S.T.M. cleavage test for metal to metal joints. 

Note. The 1 inch square surface to be glued shall be 

ground flat and parallel with the opposite surface 
(A.S.T.M. D 903—46). 


form tensile stress at 
the interface. 

A cleavage test for 
corrugated board has 


been described by 
GREEN, SAMS_ and 
WILts *®, 

The A.S.T.M. has 


proposed a cleavage 


test (D1062—49T) for metal-to-metal adhesives as outlined in Fig. 191. 
(e) Chisel Tests 


A variant of the cleavage test consists in forcing a wedge or chisel between 
the adherends in the plane of the interface between a surface coating and 


the panel. 
Various instruments using this principle are described in GARDNER'S 


* The author is indebted to Miss E. W. Parker of the Mond Nickel Co. Ltd. 
for supplying a bibliography of papers or adhesion of electrodeposits. 
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Physical and Chemical Examination of Paints, Varnishes, Lacquers and Colours *. 
Two recent devices of this type are due to GREEN and Lamattina * illustra- 


ted diagrammatically in Fig. 192, and Koouz #2 of which the principle is 


shown in Fig. 193. 





Fig. 192. Chisel test devised by GREEN and LamattiIna. The 


weighted knife edge G which is connected to the load measu- 


| 
] 
metal panel V is pulled in direction of arrow under the 
| 


ring pendulum whose rotation is indicated by the cam- 
operated dial gauge K. 


Fig. 193. Kooxe’s chisel test. 
The paint film is applied to the 
periphery of the steel disc. 
Arrangement for the mea- 
surement of the adhesive force 
S Steel disc, accurately ground 
to circular shape; L Lacquer 
film; H Lever carrying the 
hard steel chisel B; G Counter 
weight. 
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As in peeling tests the force required to 
detach a film increases with the film thickness. 

The interlaminar strength of plastic lami- 
nated sheet has been measured by forcing a 
steel ball into the edge of a test piece and 
noting the load at which interlaminar rupture 
takes place; a critical examination of this and 
similar tests has been made by BARWELL and 
PEPPER?®, 


(f) Peeling Tests 


Peeling or stripping tests can be made 
where one or both the adherends are 
thin, and are of value as representative of 
conditions to which such a joint may be 
subjected in practice. The stress distribution 
in such a test is complex and the force required 
to initiate and to maintain stripping is con- 
siderably influenced among other factors by 
the dimensions of the specimen and the 
mechanical properties of the adherends as 
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well as of the adhesive. A rational analysis of the peeling test has yet to 
be made. 

JAcquer * has described a peeling test for electrodeposits, and work done 
at the Bureau of Standards in U.S.A. indicates that the peeling force required 
to detach a plated strip of thickness from a thick base is proportional to s+ 44, 

A test used by E.M.P.A., although superficially a bending test, is best 
classified as a peeling test. As shown in Fig. 194 a central load is applied 
to a bar to which a stiff beam is cemented to the central portion on the 
lower side. 


KE? 
_t 


L 





Fig. 194. Peeling produced by bending. 


Forinvestigating the peeling strength ofjoints between 22s.w.g. light alloys 
Aero Research Limited use the test shown in Fig. 195. Two metal strips 20 
s.w.g. (thickness 
0.036 inch or 0.9 
mm) 1 inch wide 
and 7 inches long, 
made of D.T.D. 
390 (Dural with 
0.1 %proofstress- 
33,000 p.s.i. and 
ultimate tensile 

stress 55,000 
p.s.1.) are glued 
together over 
their middle 53 
inches and then 
%Ae diam. holes rolled to a radius 
Fig. 195. A.R.L. peeling test. Shaded area shows position of of 3 inches. The 
adhesive. Specimens are bonded together in a press, and then inner strip Is then 

rolled to 6 in. dia. and screwed to peeling wheel. fixed on a freely 
rotating drum of 6 inches diameter, while the outer is pulled radially by one 
of its ends (Fig. 196). Near the glued end the strip is stressed by bending 






Test specimens 


Peeling wheel 





Ball bearing racer 
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beyond its yield point and curves to a radius R much smaller than the radiu: 
of the drum. The peeling force P is plotted against the unrolling of the 


strip (Fig. 197) and is found to vary considerably from point and point 
For this reason the highest force as wel 


as the area of the diagram expressed ir 
square centimetres are both taken a: 
indications of the peeling strength as the 
latter corresponds to an average value of 
the peeling force. The peeling may star 
before the strip bends upright and this 
is an indication that the stiffness of the 
strip is too high compared with the 
strength of the adhesive. Then a small 
force P (Fig. 196) produces a strong 
bending moment at the point where the 
peeling starts. A slight increase of ad- 
Fig. 196. Bending moment Mand __ hesive strength or a decrease of strip 
applied load P in A.R.L. peeling _ stiffness (e.g. thickness) may make the 
ae strip yield and bend as in Fig. 196 
when the moment is greatly reduced and a considerably higher force P is 
needed to tear off the strip. Even when the bending of the strip is in the 
yield region a small change of adhesive strength or strip thickness will be 
found to result in a very much larger variation of the peeling force. Thus 
for example a doubling of the peeling force may be caused by an increase 
by only 1/,th of the peeling strenght, hence the marked irregularities 
of the peeling diagrams 
which do not correspond 
to proportional variati- 
ons of adhesive strength. 
For these reasons the 
peeling test is a very 
sensitive method for the 
determination of small 

changes of strength. 
A number of other 
empirical tests have been 
| ape | devised for measuring 

Sig scam Se Peed 

the adhesion of gum- 


Fig. 197. Autographic curve of load against length med tape, and of paint 
peeled obtained in A.R.L. peeling test. films 4, 





Pp 
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481 


Courtney and WAKEFIELD * describe an autographic stripping test for 


surface coatings. 


A peeling test, used by ScHreIBER and SraFForD #7 for measuring the 


9 mee a ell 


Flexible 
member 


Original 
panel —* 






a 





Alignment 
plate 








Test 
specimen 


Fig. 198. A.S.T.M. test specimen and method of testing peeling of rubber cements. 


extent to which a starched fabric sticks to a heated smoothing iron, consists 


in using a Jolly spring balance to measure the force 
required to peel off a piece of fabric from the shoe of 
a rotary ironing machine. 

The sealing quality of paraffin wax has been assessed 1% 
by pressing two pieces of waxed paper together between 
hot glass plates and then peeling them apart at a fixed 
rate. ANDERSON!™ has described a peeling test for 
two ply rubberized fabric and shown that there is a 
linear relation between the peeling force and the lo- 
garithm of the peeling velocity from 0.05 to 10° 
mm/minute. 

A.S.T.M. Standard (D903-49) for detemining 
the peeling strength of rubber cements specifies 
test specimens and test shown in Fig. 198. 
(cf. Chapter 7). 

CHADWICK 48 devised the test (cf. Chapter 8) shown in 
Fig. 199 for measuring the resistance of a soldered joint 
to tearing. The load during tearing varies in the way 
shown in Fig. 200. The steady load, following 
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Solder 
fillet 





Solder film 
0.008” thick 


Fig. 199. The Cuap- 
WICK peeling test of 
soldered joints 
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breaking of the fillet, depends upon the direction of rolling of the sheet 
as shown in Fig. 201 %. 

In all such tests the characteristics of the testing machine have an 
influence on the results obtained 5°, Thus if the testing machine is hy- 
draulically operated the peeling load will tend to fall off rapidly if the 
resistance to splitting falls off momentarily, whereas in a dead weight 
testing machine there will be no such relief effect. Nevertheless such a pee- 
ling test is a useful control of factory bonding and it is a more sensitive 
test than that of pulling lap joints apart. 


Breaking 
of fillet 






Steady load 





Load : 


ser_2 sed 
STEADY LOAD 47..8/™ WIDTH STEADY LOAD 33\8/IN WOTH STEADY LOAD 32.8/™ wioTH 
3 YEsTs 3 Tests 3 Tests 
RANGE 36—39.16/IN WIDTH RANGE 32-34.6/IN WIDTH RANGE 20—34.8/IN WIDTH 





Movement 

Fig. 201. Influence of direction of rolling of strip on 

CHADWICK test results. In all 9 cases the solder 

stripped off the plate A, i.e. the plate in which the 

direction of rolling was the same as the direction of 
pulling. 


(g) Impact and Fatigue Tests 


Fig. 200. Autographic record obtained 
in CHADWICK test. 


(i) Impact tests 


Impact tests have been made on glued joints and have a practical significance 
though their interpretation is difficult, A.S.T.M. Tentative Standard 
D950—-47T calls for specimens of the type shown in Fig. 202 for both 
wood and metal. Sriver 5! has obtained 
consistent results with flexible adhesives 
using this test, provided that the thickness of 
the adhesive is maintained constant. 

Fark ® has described an impact test in 
which a weight falls from a known height 
on to a tension test specimen. This apparatus 
can also be used for repeated impact tests. 
In all impact tests some part of the energy 

J is absorbed in the adherends and in the testing 
: = ker emcee Sf machine 53, and the maximum stress in the 

metal joints, adhesive will be greatly influenced by its 
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flexibility or “resilience” in relation to that of the adherends. 

Davis *" has described a ballistic method for the determination of interply 
adhesion. Scumrrr * has used a ballistic method for the determination of fresh 
rubber stocks calendered on fabrics. Burst, LinDsEy, NAUNTON, STAFFORD 
and WiLt1aMs 1° have described an impact test for rubber-to-metal joints. 


(ii) Fatigue tests 


Fatigue tests can be made on glued joints by repeated application of a given 
load or given deformation by almost any of the methods used in static 
tests. In testing wood KoLiMan found that if the deformation if fixed the 
machine will frequently continue to run indefinitely after the appearance 
of splits or cracks in the wood; organic materials differ in this respect in 
their behaviour to repeated deformation from metals 54, and it would seem 
to be preferable to use testing machines where a definite load is applied 
by say an out-of-balance rota- 
ting weight than one in which 
a definite deformation is pro- 
duced by say an eccentric or 
crank. 

Repeated peeling tests have 
been made by the U.S. Forest 
Products Laboratory ® on both 
wood-to-metal and wood-to- 
wood joints, using a KRousE 
fatigue testing machine. This 
method of testing imposes a 
definite deformation and not a 
definite stress. It was found 
better not to usea fully reversed 
cycle but one in which the stress 
on the glue varies between zero 
and a tensile value. Significant 
differences in the behaviour of 
different glues have been obtai- 
ned by this test, particularly 
with thick glue lines. 

Dietz and GRINSFELDER 
have used a similar type of 
machine to deflect plywood and 


Fig. 203. ect eat fea POON inatedavood specimens made 
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with phenol-formaldehyde and urea-formaldehyde glues. Fatigue tests 
under repeated three point loading, as shown in Fig. 187, have been 
made by the E.M.P.A. on glued wood beams °’. 

The Northern Aluminium Co. Ltd. have made tests of simple lap 
joints in “Alclad” strips under alternating load applied axially. Similar 
tests have also been reported in U.S.A. 8, Switzerland 5 and Holland 1%, 


(h) Other destructive tests 
(i) Knife test for plywood 


A. simple knife or chisel test is often applied to plywood and is specified 
in B.S. 1455: 1948. It is a subjective test but because of its simplicity has 
a practical value. Fig. 203 shows the type of tool and manner of use. 


(ii) Piercing test 


A plywood test used at Bruynzeel Fineerfabriek N.V., Zaandam (Nether- 
lands), is a combination of bending and shear load at right angles to the 
plane of the glue films. A piece of plywood 100 mm x 100 mm x 6 mm 
thick is laid on a steel ring of 90 mm inside diameter and 110 mm outside 
diameter by 20 mm deep. This ring in turn rests on a supporting frame 
which automatically centres it in the testing machine (arranged for com- 
pressive loading) and raises it to allow clear space for the ruptured test 
specimen. The plywood is subjected to a central localised compressive 
load from a solid steel cylinder of 30 mm diameter. 

Like the tension shear test the rupture load in a well glued specimen 
will be characteristic of the wood rather than of the glue. Nevertheless the 
test may be a useful one and it avoids the need for the rather tricky cutting 
required in specimens of the type shown in Fig. 175. 


(j) Non Destructive Tests 


Ultrasonic examination of glued joints has been attempted in England but 
experiments indicate that while the method readily shows up patches of 
complete lack of adhesion characterised by an air film between adherends, 
it is not able to differentiate between areas of good and poor adhesion. In 
the direct transmission method of ultrasonic flaw detection the specimen 
under test is placed between a source of sound and the detector; this method 
is more suitable for glued joints than the reflection method. 

A useful method of examining plywood up to 3 mm in thickness would 
seem to be by light transmission using two or three filament lamps, each 
of 1,000 watts, in a reflector supplied with cooling air by forced ventilation ®™. 
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(k) Tests of Tacky Adhesives 


Although, as STEFAN showed ®!, Newtonian liquids will give rise to tacky 
adhesion, in practice tacky adhesives have complex rheological characteris- 
tics. A number of “‘tackiness meters” have been devised, of which the 
most recent is that due to LAMBERT and McDona.Lp ®, 

Peeling tests are also used for evaluating tacky adhesives, in particular 
of self-adhesive tapes. GEER and Wescorr ® have described a device for 
testing adhesive tape. A.S.T.M. specification D69—48T desctibes a simple 
tackiness test by peeling friction tape off a horizontal surface; specification 
D1000-48T also describes a peeling test. 

A number of Russian workers have described various stripping or peeling 
test for tacky adhesives ®* ®, 

All these tests are of a distinctly empirical character though it is possible 
to apply to instruments of the type used by GREEN ® and of LAMBERT and 
McDona_p, an analysis similar to that devised by Scorr and others for 
the parallel plate plastimeter ®’ substituting tensile for compressive loads. 
Thus for an adhesive with a yield point f of thickness D and volume I” 
between two disc-shaped adherends there will be a limiting force F, below 
which no separation of the discs can take place, given by: 


F = 2f Vi"ls | 3zz'!s D‘/s 


For a discussion of tackiness in elastomers and of an apparatus for its 
measurement, see the Chapter by Bussr, LAMBERT and VeEpERY in High 
Polymer Physics ®, also Chapter 7. 

Brom ® has described a recording tackiness meter for paints made by 
E. ScHILDKNECHT of Ziirich. A tracing on a drum revolved by a clock 
shows when the tackiness, as measured by adhesion of a leather surfaced 
plunger, disappears. 

The action of a testing device developed and used by Herts. Pharmaceu- 
ticals Limited, Welwyn Garden City, England, for routine tests on 
pressure sensitive tapes is illustrated in principle in Fig. 204. 

A “Tackmeter” for rubber testing has recently been described by 
BEAVEN, Crort-WHITE, GARNER and Rooney ’®. 


§ 3. DURABILITY AND AGEING TESTS 


Durability tests are made by exposure of representative joints to the particular 
influence (weather, immersion in solvents, heat and so on) about whose 
effect information is required. In ageing tests the behaviour of joints 
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stored under normal conditions (as for example at normal temperature 
and humidity) is investigated over a period of time which may be months 
or years; ageing tests are often con- 
ducted simultaneously with durability 
tests to act as controls for them. 


(a) Testsat F.P.R.L., Princes Risborough, 
England, on Wood Glues 






A ten year programme of durability 
and ageing tests on glued wood joints 
was begun in 1944 at the Forest 
Products Research Laboratory, Princes 
Risborough, England, after initial 
plywood weathering tests that were 
started in 1941 and reported by 
weightpan KniGHT and Doman in 1944 70, 

Up to the date of writing Progress 
Reports have been issued on the 
results of panel weathering tests on 
Fig. 204. Test devised by Herts. Pharma- assembly glues, The Durability of 
ceuticals Limited for pressure sensitive Assembly Glues Series A™;0n plywood 

mgr glues, Weathering Tests on Plywood 
Addhesives-Series I] ™, and on ageing tests extending over a period of five 
years on glued joint %. Tests are also in progress on the weathering of 
laminated beams. Durability of Assembly Glues Series B74. 

It is difficult to summarise the results adequately and as the investigation 
is still in progress the latest reports should be consulted. 






Oraw pin 





L 
Release ~— 
trigger 


Adhesive 


(b) Other Work on Durability and Ageing 


Truax and SExzo of the U.S. Forest Products Laboratory have published 
results of durability tests on laminated beams 75 subjected to long term 
exposures and accelerated tests. The accelerated tests consist in subjecting 
sections of laminated beams 6” by 6” by 3” long to cycles of wetting and 
drying using an autoclave under vacuum and pressure to facilitate the 
soaking, and a room at 30% relative humidity and 70° C for drying. 
Fig. 205 shows the agreement between the two tests. 

Hopkins ® has reported on exposive tests on synthetic adhesives and 
SELBO™ on the durability of glues for dwellings. 
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Biomgutsr 1° has made exposure tests over a two to three year period 
of joints made with PF and RF adhesives of varying alkalinity. 
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Fig. 205. Comparisons of laboratory and exposure delamination tests. 

Comparisons of | laboratory and exposure delamination tests. Comparison 

of delamination values obtained with vacuum—pressure soaking—drying 
cycle and exposure to weather. 


BEAULIEU ’8 has reported on the weathering of moulded plywood aircraft 
components. With the exception of the close contact U.F. resin good 
durability was found after five and a half years. 

WANGAARD ” has summarised information on the durability of glues. 

Bartow of the Aluminium Laboratories Research Division, Banbury, 
England, has investigated the effect on the shear strength of “Redux” joints 78 
in 16 s.w.g. Alclad sheet (D.T.D. 546) and uncoated sheet (D.T.D. 646) 
of cyclic exposure to a dry atmosphere at 90° C and to 100% relative 
humidity at 70° C. The shear strength shows a slight drop after twenty 
cycles of exposure. Ageing tests over two years on specimens in a laboratory 
have shown no deterioration in joint strength. 

A great deal of unpublished work has also been done in England and 
in U.S.A. on the effect of immersion in solvents, etc., on metal-to-metal 
joints and for these the manufacturers of the adhesives concerned should 


be consulted. 
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LresE 79 describes tests at 40° C and 90-100% relative humidity in the 
tropical plant room at Eberswalde on plywood made with casein, P.F. film 
glue and cold setting close contact U.F.; as has been confirmed by later 
workers it was found that fungicides are not effective in preventing 
deterioration of casein. 


§ 4. SOME OTHER PHYSICAL TESTS 


In order to maintain uniformity in the properties of an adhesive a number 
of physical properties such as viscosity, jelly strength (animal glues), 
gelation time (synthetic glues), solids content and so on are measured as 
a matter of routine. For a summary of such tests on vegetable adhesives 
see B.S. 844 (1951). 


(a) Viscosity 


The viscosity of animal glues in solution is a measure of the degree of 
polymerisation and therefore of the quality of the protein. In U.S.A. the 
conditions are laid down in “Federal Specification for Glue No. CG.451 
(1931).” 

Viscosity tests are widely used for all glues because of the importance 
to the user of having a material of constant viscosity to facilitate the proper 
functioning of glue spreaders and similar devices. The viscosity of glues 
is not usually less than one poise at room temperature and this, together 
with the tendency of many adhesives to flocculate on addition of solvent, 
necessitates an instrument that is easily cleaned. It should be a closed 
instrument to avoid loss of solvents and should work with both opaque 
and clear liquids. The measurement of viscosity has been thoroughly 
discussed in such books as Barr’s A Monograph of Viscometry ® and 
Puixipporr’s Viskositat der Kolloide ®1, to which reference should be made. 
Brief particulars of some of the instruments used for adhesives are given 
below. 

(1) The falling ball viscometer is recommended by the British Plastics 
Federation in Proposed Standard Methods Sor the Determination of the Viscosity 
of Synthetic Resins ®*, This type of viscometer is simple, easy to clean, and in 
principle is an absolute instrument. Unfortunately it is unsuitable for 
opaque liquids, though electronic apparatus has been devised to overcome 
this difficulty 8°, and the wall corrections are appreciable unless incon- 
veniently wide tubes are used. Moreover the density of the adhesive must be 
known. A modification of the falling ball principle is described in A.S.T.M. 
D.553—42 for rubber cements. 

(2) U-tube viscometers * are accurate and simple in principle but they 
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are rather inconvenient in routine use as they are not easy to clean and are 
fragile; they determine, of course, kinematic and not absolute viscosity. 
U-tube viscometers are recommended for adhesives up to 1550 centipoises 
in British Plastics Federation Publication No. 21. 

(3) The SrorMER viscometer has been used to follow the thickening of 
synthetic adhesives after addition of catalysts by H1Gcins and PLromiey 8 
The instrument can be calibrated to measure viscosity in poises °. 

(4) Rolling ball viscometers such as the HorppLer instrument §7 are 
suitable and have been used in Germany for measuring the viscosity of 
adhesives 88, 

(5) GARDNER Hotpr air bubble tubes are a convenient method for 
rough determinations of kinematic viscosity. 

(6) A modified BincHAaM-Murray viscometer has been found convenient 
in the control laboratory of Aero Research Limited. It gives the viscosity 
in poises without a density determination and is easy to clean ®°, 

(7) Efflux Viscometers. The BLoom pipette viscometer is the standard 
instrument in U.S.A. and England for animal glues ®, A.S.T.M. D.553-42 
describes a simple efflux viscometer for rubber cements. 

(8) Industrial rotational viscometers such as the Brookfield, Dobbie- 
McInnes or Ferranti instruments are rapid and direct reading but need 
large samples and are somewhat expensive. 


(b) Jelly Strength 


The strength of a gel of animal glue has long been recognised as a convenient 
index of its quality, and the most widely used instrument is the BLoom 
gelometer ® in which a cylinder is pressed into the gel at a rate of loading 
of 40 grams a second. The load required to produce a 4 mm depression is 
determined *. 

Other instruments for finding the jelly strength are described in Chemie und 
T echnologie der Leim- und Gelatine-Fabrikation by GERNGROSS and GOEBEL *. 


(c) Gelation Time 


The determination of the “Pot Life” or “Usable Life” or ““Gelation Time”’ 
of synthetic adhesives is important both as a control test in manufacture 
and as a quantity of fundamental importance to the user. It is usually defined 
as the time, measured from the moment of addition of the catalyst, for the 
adhesive to reach a condition of high elasticity. The point of transition 
from the liquid to the gel state is usually quite sharp and easily found by 
stirring the mixed glue with a rod; it is important that the mixed glue 
should be maintained at a constant temperature in a suitable water bath. 
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The setting of phenolic glues at room temperature is accompanied by 
considerable evolution of heat. For this reason the gelation time of such 
glues determined under isothermal conditions will be greater than that 
observed by a customer under works conditions. 

A device for measuring gelation time has been described by DE BRUYNE 
and has given good results %, 


(d) Solids Content 


The determination of the solids content by heating a specimen to remove 
solvents is an unreliable test because (1) of the tenacity with which solvents 
are held, and (2) the tendency of thermosetting resins to condense and split 
off volatiles when heated. Nevertheless such a test has some value for 
comparative purposes if done under strictly controlled conditions. The 
British Plastics Federation has tentatively suggested conditions for finding 
the loss of weight in heating ®. 

A.S.T.M. D.553—42 specifies a procedure for finding the solids content 
of rubber adhesives containing organic solvents, and D.640—44 for latex. 

Determination of the apparent moisture content of animal glues is 
described in U.S. Federal Specification CG.451 (1931.) 

For any given adhesive the determination of refractive index is often 
a useful rapid method of finding total solids content. 


(e) Flash Point 


The flash point tests are those developed for petroleum products %. 


(f) Stability 


Synthetic resins are usually unstable materials with a finite “shelf 
life”. It is usual therefore for the manufacturer to carry out accelerated 
stability tests by heating the adhesive (without catalyst) at a temperature 


much above room temperature to assess the probable life of the adhesive 
when stored at room temperature. 


(g) Flow Characteristics 


The rheological behaviour of a glue during setting is one of the main 
factors determining the effectiveness of the glue in the hands of the user. 
It is unfortunate therefore that at Present no instrument is available for 
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assessing the flow properties of an adhesive after the addition of the catalyst 
or under the influence of rising temperature (at the rapid rate encountered 
for example in a plywood press). A device of such a type is commonly 
used for the production control of moulding materials 4, and instruments 
are also available for observing the behaviour of starch pastes under rising 
and falling temperature %, but no suitable device is at present available 
for the type of thermosetting adhesive used for example in the manufacture 


of plywood. 


(h) Heat of Reaction 


Some synthetic adhesives, in particular cold setting phenolic resins, evolve 
a significant amount of heat after addition of the catalyst. Measurement of 
the heat of the reaction is used as a control test and the British Plastics 
Federation has suggested a specification for carrying out the test. 


(i) Resistance to Chemicals 


A.S.T.M. Tentative Standard D. 896-50T specifies tests of resistance of 
adhesives to a number of organic and inorganic liquids. 
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Melocol H, glue 115 
Meta] to metal bonding by adhesives 223 
Metal to wood bonding by adhesives 226 
Metalbond 224 








Metal-metal joints, shear strength 225 
Metal-rubber test piece 394 
Metals, bond strength between 452 
— ,solderability 442 
— ,thermal expansion 121 
— , wetting of — by tin and solder 434 
Methacrylic esters 239 
— resins 238 
Mica glued by silicate 338 
Mild steel, adhesion to silicate 284 
Mineral wool glued by silicate 338 
Miscibility depending on the cohesion 
of a material 10 
Mixing, heats of 26 
Model systems of bitumens 266 
Molar cohesion 26 
Molecular forces 9, 18 
, long range 115 
Molecule, size 21 
Mortars, lime 354 
Mullen and Cady burst test 306 
Mullen test 316 


National Association of Glue Manu- 
facturers 156 
Natural gums 185, 197 
Natural rubber 421 
adhesive tape, removal 61, 62 
, brittle point; crystallinity 388 
Neoprene 417 
, brittlepoint; crystallinity 388 
— , shear strength data for various 
adhesive-adherend combi- 
nations 243 
— , tensile adhesion-strength data 
for various adhesive-adhe- 
herend combinations 244 
— , vulcanizing solutions 405 
Neoprene-type rubbers 404 
Newtonian liquids 60 
Newton’s law 34, 36 
Nickel, adhesion to silicate 284 
Nitrile rubber 406 
— —_ , brittle point; crystallinity 388 
Non destructive tests of glued joints 484 
Nonex glass 123 
Non-Newtonian liquids 60 
Non-polar molecule 23 
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Oak, stresses 118 

Organic adhesives 147 

Overlap joint, simple 224 

Oxide, removal of-by flux (soldering) 429 
Oxygen, influence on bitumen 269 


Paint film, shear test 470 
Paper 
— box-flaps, sealing 330 
— coatings 168 
— glued by silicate 337 
— joints 150 
— , laminated 273 
— manufacture 166 
— , picking (plucking) of 65 
— sizings 167 
— , wetting by sodium silicate 290 
Paperboard 
— boxes, compression strength 318 
— , corrugated 304 
, cross sections 322 
, flexure tests on 321 
, production 305 
, stiffness factors with 321 
, testing bond strength 306 
— , specifications and tests 305 
— , structural tests 318 
Paper-phenoliclaminate, shear strength 
data for various adhesive- 
adherend combinations 243 
— — , tensile adhesion-strength data 
for various adhesive-ad- 
herend combinations 244 
Parquet floors 273 
Patents referring to rubbery adhesives 425 
Peeling tests 478 
, A.R.L.. 479 
of soldered joints, chadwick 481 
— (tackiness) 70 
Penetration (bitumens) 260, 262, 264 
Penetrative powers of solders 445 
Perbunan, brittle point; crystallinity 388 
Persimmon, adhesion to silicate 286 
Phenol-formaldehyde resin 132, 134, 215 
bonded plywood 228 
Phenolic glue, setting time for a 
(typical) 217, 218 
Phenolic resin adhesives 203 








Photoelastic investigation of Catalin 
800 138 
— — — the stress 127 

Photoelastic tests 134 

Photogelatin 178 

PH required to cause setting 218 

Physical testing of adhesion and 
adhesives 463 

Picking (plucking) of paper 65 

Piercing test (plywood) 484 

Plaster of Paris 352, 353 

Plastic cement, properties 370 

Plastic flow of an adhesive 79 

Plasticizer for dextrines 191 

Plasticizing of dextrine adhesives 189 

Pliobond 105, 224 

Plywood 273 
— adhesion, chisel test of 483 
— adhesive test joints 468 
— glue, urea-formaldehyde resin 228 
— , glued with a urea-formalde- 

hyde resin glue, fortified with 
melamine resin, shear tests 230 

—, fortified 
with re- 
sorcinol, 
shear 
tests 229 


— joints 75 
— , knife test for 484 
— ,phenol-formaldehyde resin 
bonded 228 
— , piercing test 484 
— test piece 227 
Poiseuille’s law 34 
Poisson’s ratio 103, 130 
Polarity 22 
— , active positive 23 
— , active negative 23 
Polishing wheels 163 
Polybutadiene, brittle point; crystalli- 
nity 388 
Polyethylene, brittle point; crystal- 
linity 388 
Polyisocyanates 406 
Polymerisation in situ 246 
Polymers, adhesion to cellulose 31 
Polystal 212 
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Polystyrene, brittle point; crystallinity 389 

Polythene, brittle point; crystallinity 388 

Polyurethans 212 

Polyvinyl acetate 235, 246 

adhesive 242 

Polyvinyl acetate 

, Shear strength data for various 
adhesive-adherend combina- 
tions 243 

, tensile adhesion-strength data 
for various adhesive-adherend 
combinations 244 

Polyvinyl alcohol 237 

Polyvinyl butyral 246 

Polyvinylchloride, brittle point; cry- 
stallinity 389 

Polyvinyl resins 235 

“Pores” in tin coatings 435 

Portland cement 349 

, Strength 352 

Potato starch 187 

Potential energy 38 

Potential trough 42 

Pot Life 214,489 

of a urea-formaldehyde resin 214 

Pressure sensitive adhesives, test 486 

Printing ink, apparatus to measure tack 69 

, tack 57, 58 

Production control (adhesives) 463 

Protein and silicate 340 

Pull test for measuring bond strength 
(rubber) 394 

Punture tester, Beach 306 

Pure shear 92 

Pyrophyllite refractories, properties 369 


Quasi-viscous liquid 35 


Raoult’s law 22 
Rayon, adsorption and desorption of 
water 83 
— throwing, animal glues in 175 
— yarns, animal glues in 174 
Redux 224, 467 
— joints 92 
layer 132 
process 226 
Refractory cements 365 
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Relaxation 37 

Repulsive forces 23 

Residual stresses 115 

Resilience (bitumens) 260 

Resins, synthetic 163 

Resistance to chemicals (adhesives) 491 

deformation of bitumen 267 

Resistance to pests of silicates 296 

Resorcinol-formaldehyde adhesives 205 

, gel-time 219 

, — . plotted against px 220 

— resins 219, 226, 234 

Resorcinol-resin, shear strength data 
for various adhesive-ad- 
herend combinations 243 

, tensile adhesion strength 
data for various ad- 
hesive-adherend com- 
binations 244 

Rheological properties of bitumens 260 

262, 264 

Rheology before hardening (bitumen) 256 

during hardening (bitumens) 258 

of adhesives 34 

— before hardening 45 

of hardened adhesive layers 73 

of the hardened layers (bitumen) 258 

Ring and Ball softening points 259, 260 

262, 264 


Roads surface treatment 273 
Rosin flux 431 
Rubber 
adhesion to metals 394 
— adhesive bond, strength 393 
— adhesive tape, removal 61, 62 
— adhesives, properties; structure 387 
Rubber, chlorinated 406, 417 
— -—, brittle point crystallinity 389 
— cord adhesion 420, 421 
, cyclized 80, 406 
— adhesives 415 
—, brittle point; crystallinity 389 
(hard), shear strength data for 
various adhesive-adherend 
combinations 243 
, tensile adhesion-strength 
data for various adhesive- 
adherend combinations 244 
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Rubber 

— hydrochloride 406 

— — , brittle point; crystallinity 389 

— in bitumen 271 

— latex and silicate 342 

— , natural 421 

— (natural), brittle point, crystal- 

- linity 388 

— , nitrile 388, 406 

— , shear strength data for various 
adhesive-adherend combina- 
tions 243 

— solutions 398 

— , tackiness-tester 70 

— , tensile adhesion-strength data 
for various adhesive-ad- 
herend combinations 244 

— to brass bond 418 

— to fibres 419 

— to metals, adhesion 407 

— to metals, bond 409 

— to metals, ebonites used for bon- 


ding 411 
Rubbery adhesives 386 
— -, patents referring to 425 


Rudeloff’s tensile test for wood joints 466 


Sago starch 187 
Salt conversion of starch 193 
Scarfed joint 95, 472 
Scarf joint, German 474 
Schwingmetall 416 
Sealer, automatic 331 
Sealing alloy’s, thermal expansion 121 
Sealing of paper box-flaps 330 
Segregation of tin-copper compound 
at the bond 450 
Setting characteristics of silicates 293 
— of the adhesive 71 
— of thermoplastic resin ad- 
hesives 240 
— ,pH required to cause 218 
— time for a phenolic glue 218 
— — fora typical phenolic glue 217 
Shear 
— by bending (beam) 474 
— distribution of a laminate 120 
— -, longitudinal 140 








Shear in glue 473 
— modulus 99, 103 
— , production by twisting 475 
— strength data for various ad- 

hesive-adherend combinations 243 
of metal-metal joints 225 
of resin glue 75 

— stress concentration, factor 101, 130 

plotted against joint factor, 

apparent 470 

with overlap, variation of 
apparent 470 

— tests (joints) 467 

— , tests in pure 475 

, distribution of 464 

of paint film 470 

on plywood, glued with a 
urea-formaldehyde resin 
glue, fortified with me- 
lamine resin 230 

on plywood, glued with a 
urea-formaldehyde resin 
glue fortified with re- 
sorcinol 229 


Silicate 
— adhesives 309 
used on paper 304 
— bonds 325 
— cements 380, 381 
— -—, porosity 366 


| Silicates 


— , bond strength 281 
— , resistance to pests 296 
— , setting characteristics 293 
— ,tack 287 
— , tensile strength 281 
— , viscosity 286, 294 
— , wetting properties 290 
— , working properties 286 
Silicate-zinc phosphate cements 380 
Silicone resins 213 
Silicones 6 
Silicious gels 366 
Size of the molecule 21 
Sizing materials (gelatin, glue) applied 
to paper 167 
Slag concrete, crushing strength 351, 352 
Sodium silicate 278 
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Sodium silicate adhesive, clay content 315 
- , constitution 280 
— , properties 280 

, temperature 315 
— , viscosity 315 


Sodiumsilicate 
— -—, application to glass 299 
to metals 300 
: to wood 302 
Sodium silicate bonds, strength 284 
cement 371 
Sodium silicate-clay adhesives, control 
of hot 309 
— , mixing 311 
— , viscosity 313 
Sodium silicate, industrial use 305 
, reaction of lime with 375 
, reaction with paper 298 
, Solution, surface tension 
291 
, solution, tackiness (of 
oil and) 288, 289 
, sutface tension 291 
» viscosity 286, 287, 288, 
289 
— , wetting coefficient 291 


> 


Solder 
— ,composition, effect on the 
shear strength of soldered 
joints 456 
— , ease of displacement 430 
— , eutectic 457 
— , height of climb upon a metal 444 
— , measurement of wetting by 440 
, Spreading tests (apparatus; 
results) 439 
Solderability of metals 442 
— , area of spread tests 438 
— , capillary rise test 444 
Soldered joints, adhesion in 427 
— —, Chadwick peeling test 481 
— —, Chadwick tearing test 460, 461 
— —, cohesion and adhesion 428 
— —, creep strength 458 
— —, influence of surface condi- 
tion 428 
— —in tinplate, strength 456 
— -—, strength 455 
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— —, structure of the bond 446 
Soldered lap joints, tensile test 458 
Soldering, action of flux 429 

— , fractionating effect in 445 

— systems, jointing capacity 440 
Solders in bar form, strength 455 

— , penetrative powers 445 

— ,Schumacher’s apparatus for 

testing 444 

— , strength 455 

— , surface tension 439 
Solidification of thermosetting resins 210 
Solids content 494 
Sol-type bitumens 259 
Solubility depending on the cohesion 

of a material 10 
Solvent, evaporation from the film 241 
Solvents in adhesive layers, rheological 

aspects 53 
Sorel cement, 355, 357 
Specific adhesion 47 
Sprayed tin coatings 433 
Spreading and alloying (solder) 438 
Spreading of solder 436, 437, 438 
Spreading qualities of solders, appa- 

ratus for determining 439 
Spreading tests (solder) results 439 
Spread tests for solderability, area of 438 
Spruce, stresses 118 
Stability of adhesives 490 
Stainless steel, adhesive to 243 
, Shear strength data for 

various adhesive-adherend 
combinations 243 
— — , tensile adhesion-strength 
data for various adhe- 
sive-adherend combi- 
nations 244 
Stannising 433 
Starch and silicate 340 

— derivatives 196 

— —, water soluble 184, 196 

— oxidations 198 
Starch(es) 185 

— , acid hydrolyzed 184, 198 

— , alkali conversions 192 

, degradation of 197 
— , enzyme conversion 186, 194 
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Starch(es), enzyme degraded 184 
— , gelled 184 
— , oxidized 184, 198 
— , salt conversion 193 


Starved joint 171, 172 
Static problems 91 


Steel (mild), adhesion to silicate 284 
Steel (stainless), shear strength data for 
. various adhesive-adherend 


combinations 243 


, tensile adhesion-strength 
data for various ad- 
hesive-adherend com- 
binations 244 

Stefan’s formula 112 

Strength of a rubber adhesive bond 393 
— ,of solders and soldered joints 455 

Stress concentration 93, 111 

— — factor 97, 132, 142 

—, (shear-and tearing-) 130 

Stress distribution in composite joints 141 | 

Stress-optical coefficient 137 

Stress-trajectories 127, 140 

Stress(es) 

— ,development during cooling 
(glass-to-metal seal) 122 
, edge 135 
, frozen 126 





— in joints 91 
— in joints, (experimentally) 129 
— in laminated wood 116 
— in the adhesives, internal 84 
— in two-layer beams of timbers 118 
— , photoelastic investigation 127 
— , residual 115 
— , variation of radial, tangential 
and logitudinal — of glass 
cylinder and metal rod 125 

Stripping tests 478 

Structure of the bond in soldered 
joints 446 

Sulfur cements 361, 362; 363 

, properties 363 

Surface capillarity and spreading (sol- 
dering) 437 

Surface-coated abrasives 161 

Surface roughness, effect on sprea- 
ding (soldering) 436 


| Temperature, 
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Surface sizing 167 
Surface tension 53, 54 
tension effects by flux 431 
— —of sodium silicate solution 291 
— —of solders 439 
— -—of sodium silicate 291 
Surface treatment of roads 273 
Surgery plasters 60 
Synthetic resin adhesives 201 
—, (production and sales) 202 
Synthetic resins 163 


Tack of printing ink 58 
, measure 69 
— of silicates 287 
Tackifiers 392 


| Tackiness 55, 56, 64, 65 


— , measurement 67 
— of oil and sodium 
solutions 288 

Tackiness-tester for rubber 70 

Tackmeter 68 

Tacky adhesives, tests 485 

Tapioca starch 187 

Tearing stress concentration 103 

factor 130 

Tearing test of soldered joints, 
Chadwick 460, 461 

influence on bond 

strength between metals 452 

the properties of ad- 
hesives 85 

Tensile strength 10, 11 

data for various adhesive- 
adherend combinations 244 

of bonds between glass 
surfaces 299 

of glue line (sodium sili- 

cate) 292 

of liquids 113 

of silicates 282 

tester 283 

variation with thickness of 
adhesive 466 

Tensile stress 473 

distribution 117 

of a laminate 120 

Tensile test for lap joints (soldered) 458 


silicate 


> 
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Tension tests (joints) 465 
Test piece, close contact; gap 233 
Tests for solderability, area of spread 438 
Theory of Goland and Reissner 98 
similarity of structures 130 
Thermal contraction, differential — of 
adherends and adhesive 116 
, unit 120 
Thermal expansion of glasses, metals 
sealing alloys 121 
Thermoplastic adhesives 201, 234, 412 
, application 245 
Thermoplastic resin adhesives, setting 240 
Thermosetting adhesives 201 
— resins, solidification 214 
Thickness, influence on bond 
— of adhesive layer influence on 
strength of adhesive bond 414 
— (of coating) influence on bond 
strength between metals 453 
— of glue film (layer) 75, 76 
— of the layer, influence 7 
Thin adhesive layers 76, 78, 99 
Thin inflexible adhesive layers 106 
Thin joints, strength 78 
Thixotropic adhesive 50 
— systems 42 
Thixotropy 41, 43 
Threshold pu 218 
Tiles, bituminous 273 
Time-factor, effect on the strength of 
joints 114 
Tin, adhesion to silicate 284 
— and copper, alloy layer between 448 
— coatings “pores” in 435 
Tin-copper compounds 447 
, Segregation at the bond 450 
, Solubility in tin 448 
Tin-iron compounds 447 
Tin-lead alloys 457 
— solders, breaking loads for 458 
Tinned surfaces, solderability 431 
Tinning medium (solder) influence on 
bond strength between metals 453 
Tinplate, life tests on lap joints in 459 
— , Stepped loading tests on lap 
joints in 459, 460 
Topography of absorbing layers 7 





Top-sizer 162 
Torsion joints 92 
Tragacanth, gum 198 
Trolon 134 

Tub sizing 167, 168 
Typly 414 

Ty-ply Q 409 


Unit thermal contraction 120 

Urea-formaldehyde adhesives 206 

Urea-formaldehyde resins 220, 228 

, fortified by melamine resin 232 

, pot-lif of a 214 

glue, fortified with mela- 

mine resin, shear tests on 

plywood 230 

_ resorcinol, P 
shear tests on 
plywood 229 

plywood glue 228 

Usable Life 489 


Vegetable adhesives 184 
— glues 184 
Vinnapas 80 
Viscometers 286, 488, 489 
Viscose rayon, adsorption and desorp- 
tion of water 83 
Viscosities of woodworking glues 171 
Viscosity (animal glues) 488 
— (bitumens) 260, 262 
Viscosity of silicates 286, 294 
Voigt element 261 


_ Volatility 10 


Vulcabond 80 

Vulcabond R 415 

Vulcabond T X 417 
Vulcanizing latex 398 

mixtures 401 

— solutions of Neoprene 405 


Wallboard 334 

Walnut, adhesion to silicate 284 
— , Stresses 118 

Walthers formula 256 

Wash board 323 

Water, adsorption and desorption by 
textiles 83 
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— , influence on bitumen 269 Wood to wood bonding by adhesives 226 
Wetting by solder, measurement 440 Woodworking glues, viscosity 171 
coefficient, sodium silicate 291 Woodworking, animal glue for 170 
— , conditions 3 Wool (mineral, glued by silicate 338 
— , energy of 4 Working properties of silicates 286 
— , heat of 5,8 
— . of metals by tin and solder 434 Xylonite 135 


— of paper by sodium silicate 290 
properties of silicates 290 
White dextrines 184, 187, 188 
Wood, adhesion to silicate 284 
Wood joints 48 
— —, Rudeloff’s tensile test for 466 
Wood, stresses in laminated 116 


Yield value 43 

Young’s modulus 99, 103, 117, 118, 120 
130, 140 

Zinc chloride flux 431 

Zinc phosphate cements 378, 381 
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